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IHTBOOTCTIOE 


The  hydrodynamic  characteristics  of  the  various  component*  that 
make  up  a  hydrofoil  craft  mat  bo  kno\m  in  order  to  pro  par*  a  design 
or  to  analyse  a  given  design  or  craft.  It  is  intended  in  this  volame 
to  present  such  information  in  the  fora  of  concise  engineering 
formulations  and  methods,  with  some  background  material  to  give  am 
understanding  of  the  underlying  hydrodynamic  relationships,  the  seope 
end  adequacy  of  available  theory  and  data,  and  the  general  state  of 
knowledge. 


Material  was  extracted  from  existing  reports  en  hydrofoil  thorny, 
analyses  and  experimental  data  and  from  pertinent  established  aero¬ 
dynamic  and  marina  information.  Where  sufficient  reference  material 


was  leaking,  it  was  necsssary 
preparation  of  this  text.  In 


te  .derive  certain  peepsrttse  rtnrlsg  the 


ships  could  not  reasonably  bo  established,  available  data 
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means  of  analyses  and  derivation  are  given.  In  order  to  maintain  this 
work  as  a  readily  usable  handbook  for  direct  engineering  use,  hydro¬ 
dynamic  fundamentals  and  derivations  are  kept  to  a  minimum,  consistent 
with  clear  exposition  of  the  various  relationships.  For  those 
interested  in  reviewing  the  basic  fundamentals  or  exploring  further 
into  the  various  subjects,  comprehensive  references  are  given  on  each 
subject. 

In  all  cases,  a  conscientious  effort  was  made  to  provide  pertinent 
engineering  information  on  all  components  of  hydrofoil  configurations, 
even  though  sons  of  the  proposed  formulas  may  be  tentative  and  even 
conjectural;  so  that  there  would  be  a  definite  basis  on  which  to  pre¬ 
pare  a  design  and  on  which  to  make  comparison  when  additional 
information  Is  forthcoming. 

It  was  felt  that  the  hydrodynamic  characteristics  should  be 
presented  wltheut  qualifications  as  to  what  combination  of  e»"w extents 
provide  the  beat  hydrofoil  configuration.  There  is  a  wide  variety  of 
eonflfurebieme,  sash  of  which  may  tare  seme  particular  advantage  umiar 
particular  requirements ;  and  to  attempt  to  introduce  sueh  operational 
festers  would  eemplleate  any  presentation  of  basis  information. 

For  similar  reasons,  only  the  "steady-state*  characteristics  at 
the  components  arc  considered.  Investigations  of  djUsmte  stability, 
festavlor  in  wars*,  turning  characteristics ,  etc.  should  be  undertaken 
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only  after  a  complete  configuration  has  been  chosen  tentatively  on  the 
basis  of  specified  functional  requirements. 

Although  treatment  of  the  "best"  foil  size*  "optimum"  number  of 
struts,  "most  effective"  ccuuTigarations,  etc.  has  therefore  not  been 
Included  in  this  volume,  some  practical  limitations  as  to  else,  speed, 
geometry,  etc.  were  considered  so  that  effort  could  be  concentrated  on 
deriving  mors  exact  properties  in  the  range  of  applications  considered 
to  be  most  frequently  employed.  These  limitations  are  based  on 
evaluations  of  existing  craft  and  analyses  of  general  design  studies, 
such  as  are  indicated  in  Volume  I.  In  most  instances,  it  is  stated  in 
this  text  where  such  limitations  are  used  and  the  procedure  for  obtain¬ 
ing  information  for  oases  beyond  such  limits  is  shown  or  inferred. 

The  material  contained  herein  is  presented  under  chapter  headings, 
as  indicated  in  the  table  of  contents,  with  ths  chapters  so  sequeneed 
as  to  f~ll  Ir.vo  three  main  groupings.  Chapters  1-6  contain  the  basic 
hydrodynamic  characteristics  of  ths  foils,  including  the  effects  of 
the  various  other  influences  on  ths  foils.  Chapter*  7-11  deal  with 
the  ehar&fctdfi&tlos  of  struts,  hulls  and  ths  various  other  ajtpurtenamaee 
in  a  configuration.  Finally,  Chapter  12  indicates  the  influence  if 
eavitatioM  on  ths  ehauraetailsfeics  of  the  various  component*.  Cavitation 
is  separately  treated  to  stress  its  important®,  to  atom  tbo  ranges  of 
craft  ■  *  -  and-  si.**  m  which  it  io  a  factor  and  thooe  in  which  it  oaa 
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be  neglected,  and  possibly  of  greatest  Importance  at  the  present  time, 
to  indicate  the  dearth  of  necessary  Information  for  predicting  the 
hydrodynamic  effects  of  cavitation  on  a  foil  configuration  with 
sufficient  accuracy. 

Design  examples  have  been  distributed  throughout  the  text  to  give 
ready  indication  of  how  to  apply  some  cf  the  important  formulas  and 
methods.  An  appendix  showing  the  detail  calculations  of  the  lift  and 
drag  of  a  chosen  design  is  also  included  to  serve  as  a  summary  of  the 
proposed  material  and  its  application. 

Since  the  basic  principles  (and  geometry)  of  hydrofoils  are  the 
same  aa  those  of  airfoils,  most  hydrofoil  properties  have  been  derived 
from  airfoil  theory  and  data,  with  airfoil  nomenclature  being  generally 
adopted.  Chapter  1,  an  Introduction  to  airfoil  principles,  has  there¬ 
fore  been  Included  to  familiarize  the  reader  with  this  subject,  which 
is  necessary  to  the  proper  understanding  of  hydrofoil  hydrodynamics. 

On  the  other  hand,  the  hydrodynamics  of  hulls  have  not  bean  com¬ 
prehensively  presented  in  the  text.  Information  on  hall  draj-  is  readily 
available  from  many  published  sources,  most  of  which  are  known  te  the 
naval  architect,  and  the  detailed  coverage  of  such  information  in  this 
work  would  be  needless  duplication.  In  this  particular  csss,  a  short 
discussion  herein  with  references  to  the  more  basic  works  has  bass 
considered  sufficient. 
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The  criterion  for  presenting  information  in  this  volume  has  been, 
therefore,  to  elaborate  on  subjects  that  are  new  to  the  naval  architect 
but  to  abridge  the  treatment  of  more  familiar  subjects  which  are  amply 
treated  in  general  marine  texts » 
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CHAPTER  I.  AIRFOIL  PRINCIPLES 

1.  Introduction 

2.  Airfoil  Notation 

3.  Lifting-Lino  AtrfbU  Theory 

U.  Modifications  to  Lifting-Line  Theory 

5.  The  Influence  of  Fluid  Deindaiies 

6.  Pitching  ffimeht  Ghnraoioriotico 

7.  Airfoil  Drag 

8.  Airfoil  Datn 


ffco  essential  principles  c if  foil  section#  and  wings 


m  the  basic  material  used  in  developing  hydrofoil  oharacterietf  ee . 
Pundaawfftol  airfoil  tfcoory  is  outlined,  including  those  faetore  that 
ere  most  applicable  to  hydrofoils*  Viscous  drag  consideFStiQtie  ore 
given,  «id  the  availability  of  airfoil  daft*  for  design  use  is  |Mf.*t*d 
out.  , 

«...  •  ■  •+-  S\;: ' 

v  * ' 
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1.  Introduction 

Basically,  a  hydrofoil  is  an  airfoil  operating  in  water. 
Aerodynamic  foil  principles  can  therefore  be  utilised  in  developing 
the  hydrodynamic  characteristics  of  a  hydrofoil. 

In  sane  instances,  such  as  when  the  foil  operates  at  large 
distances  below  the  water  surface,  established  airfoil  theory  (in 
incompressible  flow)  and  pertinent  airfoil  data  can  bo  used  directly 
for  determining  the  hydrodynamic  characteristics  of  the  foil.  In 
more  practical  cases,  the  airfoil  methods  must  be  corrected  by  suit¬ 
able  factors  to  take  account  of  the  surface  effects,  supporting  struts, 
high  speeds  (cavitation)  and  other  factors  associated  with  practical 
hydrofoil  configurations. 

In  any  case,  aerodynamic  foil  principles  form  the  basis  for  the 
development  of  hydrodynamic  characteristics  of  hydrofoils.  Therefore, 
this  chapter  is  presented  to  familiarise  the  reader  with  the  airfoil 
notation  employed,  the  underlying  airfoil  theory  that  is  most 
applicable  to  hydrofoils,  and  the  availability  of  pertinent  airfoil 
data  for  use  in  deriving  hydrofoil  characteristics. 
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2.  Airfoil  Notation 

Foil  Section  Oeometry 

Figure  1.1  shows  the  typical  airfoil  section  notation..  The 
chord  e  of  the  foil  is  the  distance  from  the  leading  edge  to' the 
trailing  edge,  and  the  angle  of  attack  AC  is  the  angle  between  the 
chord  line  and  the  direction  of  advance,  as  indicated. 


The  Man  line  of  the  section  is  called  the  eariber  line,  the  camber 
being  considered  the  maxim*  separation  between  this  line  and  the 
chord  line.  For  simple  circular  arc  sections,  the  mean  line  has 
symmetrical  o amber  with  the  maximum  separation  and  maximum  foil 
thickness  at  thd  mid-chord  position,  but  for  typical  airfoil 
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sections  the  shape  of  the  camber  line  and  the  chordwiSe  location 

of  maximum  camber  and  maximum  thickness  vary,  depending  on  the  type 

of  section  employed.  A  description  of  modern  airfoil  section 

1  2 

shapes  employed  by  NACA  is  given  by  Abbott*  . 

Wing  Geometry 


Figure  1.2  shows  the  typical 
wing  geometry  and  notation.  Dim¬ 
ensions  are  characteristically 
taken  about  the  quarter-chord 
line  (l/lt  of  the  chord  from  the 
leading  edge  of  the  foil).  Thus, 
the  span  is  the  projected  distance 
between  the  tips  of  the  quarter- 
chord  line,  and  the  sweep  and 
dihedral  angles  are  measured 
from  the  projected  quarter-chord 
line  in  the  horisontal  and 
transverse  planes  respectively 
as  indicated.  Two  important 
"parameters"  in  dealing  with 
wings  are i 
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the  plan  form  area,  5  -  the  projected  area  of  the  wing 

In  a  horizontal  plane 

the  aspect  ratio,  A  -  the  ratio  of  span  to  mean  chord, 

or  bVs 


The  difference  between  "displacement  bodies" 
and  "lifting  surfaces"  in  the  selection  of 
reference  areas  should  be  noted  here.  For 
ships  and  similar  bodies  the  total  wetted 
area  is  usually  chosen  as  the  reference  area, 
whereas  for  wings  the  projected  area  of  one 
side  of  the  wing  is  taken.  - 


Force  Notation 


The  force  system  acting  on  a  foil  (or  any  body)  may  conveniently 
be  referred  to  the  components  along  and  about  the  three  oo -ordinate 
axes  of  the  body.  These  are  identified,  for  the  foil,  ast 


Lift  -  force  in  the  vertical  direction 

Drag  Force  -  force  in  the  fore  and  aft  direction 

Side  Force  -  force  in  the  transverse  direction 


Pitching  Moment  -  about  the  transverse  axis 
Rolling  Moment  -  about  the  fore  and  aft  axis 
Tawing  Moment  -  about  the  vertical  axis 
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Considering  the  forces  in 
the  plane  of  symmetry  for 
straight  forward  flight,  the 
forces  on  the  foil  section 
are  shown  in  Figure  1*3. 

(The  transverse  axis  is  taken 
to  be  at  the  "aerodynamic 
center",  which  is  discussed 
below. ) 


In  many  applications,  pressures  and  forces  in  fluid  flow  are 
proportional  to  the  "dynamic  pressure" 

^  s  V*  (lb/ft2)  (1.1) 

where  -  mass  density  of  the  flrid  (#sec2/ft^) 

V  ■  speed  of  advance  (ft/sec) 

The  mass  density  of  the  fluid  varies  slightly  with  temperature. 

At  the  standard  $9*F  (15‘C), 

■  1.9l*  (#sec2/ft^)  for  fresh  water 
•  1.99  (#eec2/ft^)  for  salt  water 

Thus,  using  these  units,  /*  may  be  considered  equal  to  1.0 
and  in  water. 
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Example 

What  Is  the  dynamic  pressure  in  sea  water  at  30  knots? 
V  -  1.69  x  30  -  50.7  ft/sec 
f>  -  1.99  #aec2/W* 

V*  «  2570  ftfyaec2 

-  1.99/2  x  2570  -  2558  lb/ft2 


The  forces  on  the  foil  nay  readily  be  represented  in  non- 
dimensional  coefficient  form,  by  referring  them  to  the  dynamic 
pressure  and  the  foil  area.  Thus 


Lift  Coefficient,  C|_  - 

Drag  Coemdent,  Cp  *  tyfyS 

Pitching  Moment  Coefficient,  Cm  8 


(1.2) 


idiere  L  *  lift  of  the  foil 
D  -  drag  of  the  foil 

M  -  pitching  moment  on  the  foil  about  some  point  on 
the  foil  chord  -  taken  positive  when  tending  to 
increase  the  foil  angle  of  attack 

5  *  planform  area 

C  •  foil  chord 

<^>  -  dynamic  pressure 


The  pitching  moment  coefficient  is  essentially  constant  when 
moments  are  taken  about  the  aerodynamic  center.  (Theoretically,  this 
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point  Is  a  quarter-chord  distance  behind  the  leading  edge  and  la  thus 
a  good  reference  point  for  ving  geometry,  as  shown  In  Figure  1.2.) 

For  sueh  no  went  center,  the  pitching  nonent  coefficient  Is  identified 

"  C"Vc’ 


The  basic  aerodynamic  notation  and  the  units  usually  employed 

as  follows* 

A 

aspect  ratio 

non-dlnensional 

b 

projected  foil  span 

ft. 

c 

foil  chord 

ft. 

D 

drag 

lbs. 

/ 

foil  camber 

ft. 

L 

lift 

lbs. 

M 

pitching  nonent 

ft. lbs. 

♦ 

dynastic  pressure, 

lbs/ft2 

5 

projected  foil  area 

ft. 

t 

foil  thickness 

ft. 

V 

speed  of  advance 

ft/sec 

ct 

angle  of  attack 

radians 

p 

nass  density  of  the  fluid 

lbs.*s«2/ft^ 
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A  angle  of  •weep 

r  angle  of  dihedral 

C&  drag  coefficient,  D/^,5 

CL  lift  coefficient,  L/^S 

Cwt  pitching  moment  coefficient,  Nj^Sc 


degrees 

degrees 

non-diwsneional 

non-diasnsioiuJL 

non-diaensional 
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3.  Lifting -Line  Airfoil  Theory- 
General 

Classical  airfoil  theory  originally  developed  by  scientists 
such  as  Prandtl,  Lanchtsster,  Qlauert,  Munk,  et  al,  is  available  for 
study  in  many  treatises  on  aerodynamics^*^*^.  These  works  are 
based  on  the  concept  of  a  single  lifting  lihe,,  which  is  sufficiently 
accurate  for  wings  of  large  aspect  ratio*  Although  in  recent  years 
advances  have  been  made  in  the  development  of  a  lifting-surface 
theory  (most  applicable  for  foils 
of  small  aspect  ratio),  the  lifting- 
line  theory  is  still  of  foremost 
importance* 

Two-Dimensional  Theory 

The  basio  theory  of  lift  is 
derived  from  the  concept  of  a 
rectilinear  vortex  advancing  in 
a  fluid  in  a  direction  normal  to 
the  vortex  axis.  The  super¬ 
position  of  the  circulatory 
motion  of  the  vortex  upon  the 
free  stream  velocity,  as  shown 
in  Figure  l*lj,  results  in  an 

CONFIDENTIAL 


ORIGIN  OF  LIFT 

OP  CIRCULATION 
ADVANCE  V  IN«M 
LIPTINC  VORTEX 
(D).  A  POiL  SECTION  (C)  PRODUCES 
THE  SAME  KIND  OP  PLOW  PATTERN. 

FIGURE  1.4 
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increase  in  velocity  on  one  side  of  the  vortex  and  a  decrease  on  the 
other  side.  According  to  Bernoulli's  theorem*  therefore*  the  static 
pressure  Is  decreased  on  the  "suction"  side  and  increased  on  the 
"pressure"  side.  The  resultant  lift  force  is  perpendicular  to  the 
free -stream  direction*  and  has  the  magnitude! 

L  *  b^V®  (ibs.)  (1.3) 

p  is  the  mass  density  of  the  fluid  (#sec2/ft^) 

\j  is  the  fluid  velocity  (ft/sec) 

®  is  the  circulation  of  the  vortex  (the  integral 
of  the  vortex  velocity  over  a  closed  path 
encircling  the  vortex  center)  (ft2/sec) 

b  is  the  foil  span  in  ft.  (assumed  to  be  infinite 
in  the  considered  two-dimensional  flow  pattern) 


where 


The  relationship  between  c ire  illation  and  the  lift  coefficient  of 
a  foil  section  can  then  be  expressed  as 

(i.w 


©  * 


The  value  of  the  circulation  around  an  airfoil  of  known  geometry 
can  be  determined  by  fluid  potential  theory.  Thus*  for  a  "thin  air¬ 
foil"  section* 


<2L  *  rcV 


ty  *  2 rv/ 


(due  to  angle  of  attack*  and  applied] 
at  the  quarter-chord  position) 


(due  to  camber  and  applied  at  the 
half -chord  position) 
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Than  combining  equations  (1.1*)  and  (1.5)  we  get 

CL  s  21T  (cC0  +  2f/c) 

C*nu  «  -  E  (oCo  +  4f/c.  ) 

where  C\_  is  the  lift  coefficient 

Cntt  is  the  moment  coefficient  taken 
about  the  leading  euge  of  the  foil 

aC«  is  the  angle  of  attack  in  two-dimensional  flow 

f/c  is  the  camber  ratio  of  the  foil. 

From  equation  (1.6)  it  is  seen  that  for  a  cambered  foil,  the 
lift  is  not  sero  at  Zero  angle  of  attack  (as  measured  in  Figure  1.1). 
Rather,  the  angle  of  zero  lift  is  seen  to  bet 

rfi.  *  -  2  f/c  (1.7) 

However,  sero  angle  of  attack  does  have  a  particular  significance 
in  cambered  sections.  In  two-dimensional  flow,  it  approximately 
indicates  the  flow  pattern  where  locally  there  is  no  flow  around  the 
leading  edge  of  the  aeotion  from  one  side  to  the  other.  For  this 
condition  of  "smooth  entrance ",  the  "symmetric "  or  "optimum"  lift 
coefficient  is  approximately 

Qspt  '  -  47T  tyc  (l.»> 


} 


(1.6) 
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Example 

What  is  the  lift  coefficient  of  a  "thin0  foil  section 
(in  two-dimensional  flow)  having  a  camber  ratio  of 
f/e  ■  at  an  angle  of  attack  of  cC  *  $°  ? 

CoMfilUIUQ  Efl/AfUMS  (hi)  fikJO  fi-V, 

CL  *  27f  (*>-*,.*) 
klovJ'  0Co  «  S*  =•  0.09  g*D!*u$ 

c£la*-Z»0.  03  -  -O.  OC  kmoihus  (&},  /.  7) 

Too w;  CL  s  2f  (0,*9  *006) 

*  0.?* 


The  optimum  lift  coefficient  of  this  auction  is 
theoretically  (equation  1.8)  r  *  +  IT *0.0 3 * 0.38 


In  practice,  airfoil-  sections  are  not  "thin",  but  have  a  finite 

thickness,  as  indicated  in  Figure  1.1  above.  Properties  of  practical 

airfoil  sections  can  also  be  determined  by  fluid  potential  methods. 

The  calculations  involved  are  arduous,  however,  and  the  results  are 

not  really  applicable  due  to  viscous  losses  in  the  boundary-layer 

flow.  Experimental  data  on  the  properties  of  airfoil  sections,  as 

discussed  below  should  be  employed  in  engineering  applications. 

1  2 

However,  a  review  of  th-s  data  for  modern  airfoil  sections4’' 
indicates  that  the  values  given  in  equation  (1.6)  for  the  lift 
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and  moment  coefficients  are  reasonably  accurate,  and  may  be  used  for 
preliminary  purposes. 

Wing  Theory 

A  wing,  with  chord  c  and  span  b,  is  the  equivalent  of  a  lifting 
line  having  finite  (limited)  length.  As  illustrated  in  Figure  1.5, 
around  the  ends  or  tips  of  this  line,  a  flow  is  caused  from  the 
pressure  side  of  the  foil  to  the  suction  side.  The  circulation  of 
the  bound  vortex,  therefore,  finds  continuation  in  the  fora  of  a 
pair  of  tip  vortices,  one  originating  from  each  wing  tip,  approxi¬ 
mately  as  sketched  in  Figure  1.5.  In  other  words,  the  single  vortex 
(as  visualised  in  Figure  l.U)  is  replaced  by  a  vortex  system,  which  is 
remotely  similar  in  shape  to  a  horseshoe,  (thus,  sometimes  called  a 
horseshoe  vortex} c 

Within  the  space  between  the  two  tip  vortioes,  their  circulations 
combine ,  thus  "inducing1*  a  downwash  velocity  and  causing  as  a  con¬ 
sequence  a  downward  deflection  of  the  basic  stream  from  its  undisturbed 
direction.  This  deflection  reaches  a  final  angle  at  some  distance 
behind  the  wing,  as  a  component  part  of  the  vortex  pair  in  Figure  1.5. 

At  the  position  of  the  foil  or  lifting  line,  the  deflection  of 
the  fluid  (one -half  the  final  downwash  angle)  results  in  the  "induced 
angle  of  attack".  Because  of  this  angle,  the  lift  force  is  now 
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V (ADVANCING  PLUIO) 


SPAN  b  — 


CHORD  C 


LIFTING  LINE 


TIP  VORTICES 


FLAN  VIEW 


_ SlffiT&N _ 

-I-  +  +  ' 


PRESSURE 


—  biTA 


FRONTAL  VIEW 

FLOW  PATTERN  PAST  THREE-DIMENSIONAL  WING 

(Ok)  WINS  PLANPORM 
(b)  EQUIVALENT  VORTEX  SYSTEM 
(C)  ORIGIN  OP  TIP  VORTICES 
(d)  VORTEX  PAIR  PAR  IEHINO  WINS 


FIGURE  1.5 
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displaced  from  its  direction 
normal  to  the  free -stream 


flor  and  is  tilted  backward 


by  the  induced  angle  0C1 , 
as  illustrated  in  Figure 
1.6.  The  lift  (defined  as 
the  vertical  component  of  . 
the  foil  force)  is  accordingly 


ORIGIN  OF  THE  INDUCED 
RESISTANCE.  Col»  CLtw>#q 


FIGURE  1.6 


CL  —  C«l»  cos  j  jjr  c 


(l.?) 


and  there  is  now  a  component  of  drag  or  resistance  (defined  as  the 
force  component  In  direction  of  the  motion)  -  the  induced  drag 
corresponding  to 


Cpj  s  C* |«  sm  tCi  s  Ct  fen  aCi  sts 


(1.10) 


Since  within  the  scope  of  application  of  vortex-line  theory,  the 
induced  angle  is  comparatively  small.  It  is  usual  to  assume 
COS  aC{  as  1.0 
smoc£  sr  bttuCi  s  "CL 


as  indicated  in  equations  (1.9)  and  (1.10). 
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For  an  actual  foil,  the  loading  (or  circulation)  is  not  con¬ 
stant  along  the  span  as  was  assumed  for  the  simple  horseshoe  vortex 
but  varies  depending  on  the  section  geometry  at  each  point  along 
the  span  and  on  the  downwash  at  that  point  due  to  the  trailing 
vortices  (for  instance,  the  horseshoe  vortex  system  leads  to  an 
infinite  downwash  at  the  tips,  an  untenable  assumption). 

The  classical  treatment  of 
this  consideration  by  Prandtl^ 
indicates  that  an  elliptic 
distribution  of  lift  along  the 
span  of  the  foil  as  shown  in 
Figure  1.7,  results  in  a  con¬ 
stant  value  of  downwash  along 
the  span  (constant  value  of 
induced  angle)  and  a  minimum 
value  of  induced  drag. 

For  the  case  of  elliptic  lift  distribution,  the  derived  values 
of  induced  angle  and  induced  drag  are,  in  coefficient  form* 

*£  *  c«-/ttA 
CPt  *  m  Cfc/lTA 

where  A  is  the  foil  aspect  ratio. 


} 


(1.11) 
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The  expression  for  the  lift  coefficient  based  on  the  angle  of 
attack  in  two-dimensional  flow,  equation  (1.6),  must  be  modified  for 
the  finite  wing  by  taking  the  induced  angle  into  account.  Thus, 


CL  -  2  W  (eC  4  cCLO  -  Cl/jta  ) 


(1.12) 


where  cC  is  the  geometric  angle  of  attack 

ctLo  is  the  angle  of  aero  lift,  from  equation  (1.7). 


The  lift  curve  slope  is  an  important  concept  in  airfoil  (and 
hydrofoil)  analyses.  Rearranging  the  terms  of  equation  (1.12)  and 
taking  the  derivative,  the  slope  is 


dCi 

deC 


I 


!  +  -4 

sir  wa 


(1.13) 


It  is  frequently  more  convenient  and  useful  to  invert  equation 
(1.13)  and  determine  the  angle  of  attack  necessary  to  produce  a 
desired  lift  coefficient.  Thus,  the  "inverse  slope"  or  "lift 
angle"  is 


where 


the  lift  angle  dqe 
the  lift  angle  due 


(1.11*) 

to  the  lifting -line  vortex 
to  the  trailing  vortices 
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Example 

What  is  the  angle  of  attack  of  a  wing  with  elliptical 
loading,  haring  A  ■  5,  needed  to  produce  a  lift 
coefficient  of  C\_  ■  0.5  V 

fitotA  £qu*tioh 

**  .  JL 

dcL  tt  sr 

Fok  0  Symmetrical  £oil  (Ma  Camobk) 
eC  a  0, 11  * 0,5  *  &3* 


Fob  Tub  3*6  C**bt*to  Sbctum  (Hbcbqim^  ttAMnt) 

*Lc  *  -0,06  s  -  3<4* 

oC  *  6.3  -3.4  *  2.4* 


It  should  p1so  be  noted  tha^  from  equation  (1.11) t 

tLCoi  d<£  S 

which  is  also  c  useful  relationship  in  airfoil  analysis. 
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It.  Modlfioationg  to  Lifting-Ling  Theory 
Effect  of  Planforn 

Thu  lifting  lira  theory  as  outlined  above  is  exact  for  wings  of 
large  aspect  ratio,  having  elliptical  lift  distribution.  Considering 
wings  of  simple  geometry  (i.e.,  straight,  non -twisted,  constant 
section  shape),  elliptical  distribution  is  found  only  for  icings  of 
elliptical  planfom.  It  is  therefore  neoessary  to  determine  the 
effect  of  other  planforns  on  the  induced  characteristics. 

The  method  proposed  by  Qlauert^  can  be  used  to  determine  the 
corrections  to  be  applied  to  the  Induced  angle  and  induced  drag  terms 
for  wings  of  various  planforms.  The  induced  terms  of  equation  (l.l5) 
now  beccme 

dcU  m  |£T 
dLCt,  ** 

d’Qtj  .  i»<f 
e L(C£)  ’  W* 

where  T<f  are  the  corrective  terms  for  the  induced 
angle  and  induced  drag,  respectively. 

Figure  1.8  gives  the  T  and  S  corrections  for  wings  of 
rectangular  planform  in  terms  of  the  aspect  ratio. 
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Hueber^  hu  calculated  the  oo reaction  terms  for  wing*  having 

% 

straight  taper  froa  aids pan  to  tip,  for  several  aspect  ratios  as 
a  function  of  taper  ratio,  as  shown  In  figure  1*9*  The  value  of 
T  can  be  read  off  direotly  froa  Figure  1.9(a),  interpolating  as 
required  for  other  aspeot  ratios.  The  value  of  for  any  aspect 
ratio  can  readily  be  determined  fro*  the  function 

/W'A 

where  <f'  is  given  In  Figure  1.9(b)  for  any  aspeot  ratio  (as 
suggested  by  Hoerner^). 
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The  above  planfom  corrections  are  derived  on  the  basis  of  the 
lifting  line  theory,  without  consideration  of  the  finite  chord.  In 
the  practical  case,  there  is  some  advantage  to  be  gained  fron  having 
square  wing  tips  (both  in  planfom  and  in  lateral  section)  as  they 
prevent  the  flow  fron  "getting  around"  the  wing  tip,  thus  increasing 
the  effective  span  and  aspect  ratio.  It  will  be  shown,  in  the  dis¬ 
cussion  of  lifting  surface  theory  below,  that  for  wings  of  low  aspect 
ratio  the  rectangular  planfom  is  more  effective  (has  less  induced 
angle  and  drag)  than  those  of  rounded  or  tapered  form. 

Effects  of  Sweep 

The  effects  of  sweep  on  a  foil  have  been  investigated  theoretically 
in  several  references®*^.  A  simplified  method  of  approach  is  presented 
herein. 

For  a  swept  wing  (as  illustrated  in  Figure  1.2),  the  reference 
angle  of  attack  is  that  of  the  foil  section  at  mldspan.  Thus,  for  the 
flow  normal  to  the  quarter-chord  line,  the  nominal  angle  of  attack  is 
increased  fay  /cos A  tat  the  dynamic  pressure  is  decreased  fay  coo1  A  . 

The  net  effect  is  to  decrease  the  section  lift  curve  fay  the  factor  cot  A  . 

Equation  (1.3.U)  may  then  be  written  for  the  swept  foils 

(&i  *  (i-i7> 

.  _j _  t  X 

7:Tc*sA  JTA 
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where  /eWi  ,'dd  \  are  the  section  and  induoed  lift  angles 
[dAl  tor  the  unswept  foil 

A.  is  the  angle  of  sweep 

it  is  a  factor  to  be  determined. 


For  elliptical  lift  distribution,  the  factor  It  ■  1  and  the 
induced  tern  is  the  same  as  for  a  straight  foil  with  elliptic 
distribution.  However,  the  low  taper  ratios  required  for  swept -back 
wings  to  make  the  lift  distribution  elliptical  (as  shown  in  Figure 
1.1U  below)  are  not  practical,  because  of  wing-tip  stalling. 


From  an  analysis  of  test  data  of  swept  wings,  Hoeraer?  shows 
that  |q  varies  approximately  as  '/cos  A  •  Thus 


(*$.)»  "  (fL) 


4s  1 

CtsA 


(1.18) 


where 


J  is  the  lift  angle  of  the  foil  without  sweep. 
The  induoed  drag  term  may  also  be  expressed  approximately  as 


<LCq ±  9  dCp  x 
<L(al )  d(CL')'c*A 


(1.1?) 


Tests  conducted  by  KACA^fU  on  various  swept  wings  indicate  that 
the  lift  curve  and  induced  drag  do  not  obey  these  simple  formulations 
in  all  eases,  particularly  at  large  sweep  angles.  Wings  with 
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sweep  forward  have  different  characteristics  than  those  with  sweep- 
back,  and  in  some  instances  the  induced  drag  increases  with  increase 
in  aspect  ratio*  Therefore,  the  above  relationships  should  only  be 
used  in  the  absence  of  specific  test  data. 

Effects  of  Dihedral 

According  to  a  simple  theory12,  each  panel  of  a  dihedraled  or 
7-shaped  wing  has  an  induced  angle  (in  the  direction  normal  to  the 
panel)  equal  to  that  of  a  complete  wing  with  an  aspect  ratio  which 
is  twice  tha  of  the  panel. 


Referring  the  lift  and  drag  forces  to  the  projected  area  and 
span  (see  Figure  1.2  above),  and  noting  that  the  reference  angle  of 
attack  is  that  of  the  foil  section  at  midspan  (in  a  vertical  plane), 
the  lift  angle  may  be  simply  expressed  as 


(<u ) 

» 

( dCL  Jr 

ifctsf* 

.  , 

dLCV) 

«t  Vi) 

/ 

7TA 


(1.20) 


where  P 


is  the  dihedral  angle  . 
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Example 

What  are  the  induced  characteristics  of  a  wing, 
having  A  ■  25®  and  P  »  25®?  According  to 
equation  (1.18) 

4*.  /v-  -i-A 
£Cl  ««A 

For  A  *  25®  ( cos  25*  9  0.51),  the  induced 
angle  and  induced  drag  are  roughly  increased  by  ' 
10£.  The  angle  of  dihedral  does  not  affect  the 
induced  characteristics. 


Lifting  Surface  Considerations 

The  theory  of  lifting  surfaces  has  been  promoted  in  recent  years 
to  determine  the  aerodynamic  characteristics  of  wings  of  small  aspect 
ratio.  Weinig1^  and  Weisalngsr^*  have  produced  theories  capable  of 
being  applied  readily  for  engineering  purposes.  Lawrence1^  has  more 
recently  produced  generalised  functions  that  agree  with  We is singer's 
results  and  further  allow  the  determination  of  the  chordwise  load 
distribution. 


The  complete  formula  for  the  lift  of  an  airfoil  may  be  expressed 

ass 


SlhcC 


+  1  sm'st  cos< 


(1.21) 
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where  oC  includes  the  angle  of  zero  lift,  for  cambered  foils 

E  is  the  correction  factor  applied  to  the  basic  lift¬ 
ing  line  theory.  Val »es  of  E  are  given  in  Figure 
1.10. 

2sinlcC  is  a  normal  force  coefficient,  whioh  can  be  derived 
rigorously  for  zero  aspect  ratio  by  any  of  several 
concepts.  The  simplest  concept  is  that  it  represents 
the  viscous  drag  coefficient  normal  to  a  two- 
dimensional  flat  plate  ( Cp  ■  2.0)  with  a  fluid  speed 
of  V/sin*.  . 

Equation  (1.21)  is  thus  seen  to  represent  the  corrected  lifting 
line  theory  (with  SinoC  substituted  for  oC  for  greater  accuracy  at 
high  angles)  plus  a  non-linear  term  which  is  actually  derived  for 
zero  aspect  ratio  but  which  appears  to  be  valid  throughout  the  range 
of  low  aspect  ratios  (A  <  2). 

The  drag  due  to  lift  may  be  given  approximately  asi 

hinoC  (1.22) 

ITA 

where  Cl,  is  the  first  term  of  equation  (1.21) 

Q. i  is  the  second  term  of  equation  (1#21). 

Values  of  E  can  be  derived  from  Figure  1.10,  where  is 
plotted  against  aspect  ratio  for  rectangular  foils.  It  is  seen  that 
Weinlg  and  Weissinger  show  different  values  in  the  range  of  . 

An  empirical  factor  E  ■  1  for  A  >2  falls  between  the  two 

theoretical  values. 
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VALUES  OF  14  FOR  RECTANGULAR  FOILS 
AS  A  FUNCTION  OF  ASPECT  RATIO 


FIGURE  I.IO 


Lawrence  (and  Weisainger)  also  derived  values  for  triangular 

wings.  Figure  1*11  gives  a  comparison  between  the  rectangular  and 

I 

triangular  values  of  the  complete  factor  g  and  the  lift- 

t*  VA 

ing  line  theory  (E  -  1),  for  small  aspect  ratios. 
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Various  test  data  for  rectangular  foils  have  been  analyzed  by 
Hoerner#j  and  the  results  are  also  shown  in  Figure  1.11.  It  is  seen 
that  the  characteristics  are  dependent  on  the  edge  shape  of  the 
sections;  those  having  square  edges  showing  slightly  greater  lift 
than  theory  indicates  while  those  having  rounded  edges  and  rounded 
corners  are  close  to  the  theory  for  foils  with  triangular  plan  forms. 


*  in  an  unpublished  memorandum 
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For  foils  of  aspect  ratio  larger  than  2.0,  the  angle  of  attack 
is  usually  small  so  that  the  second  or  non-linear  term  of  equation 
(1,21)  may  be  neglected,  and  the  equation  may  then  be  rewritten i 


cU  _  *  X 

dCt  *TT  •** 


(fio*  4>Z) 


(1.23) 


to  which  the  planform,  sweep  and  dihedral  corrections  can  readily  be 


Thus,  for  the  complete  wings 

dec  _ 

jl  r 

4  itr 

cos  A  tirrcosP 

dC0 

cL(q}) 

TTA  cos  A 

(1.2U) 


vhere  E  is  the  lifting  surface  correction,  £  <  +■  M  A  >zj 
A  is  the  angle  of  sweep 
P  is  the  angle  of  dihedral 
T  <f  are  the  respective  planform  corrections. 
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For  foils  of  aspect 
is  usually  small  so  that 
(1.21)  may  be  neglected, 


ratio  larger  than  2.0,  the  angle  of  attack 
the  second  or  non-linear  term  of  equation 
and  the  equation  may  then  be  rewritten! 


d*.  _  *  X 

dCL  '  rA 


4>2) 


(1.23) 


to  which  the  planform,  sweep  and  dihedral  corrections  can  readily  be 
applied.  Thus,  for  the  complete  wing! 

Iff  ~| 

If  A  J 


dji  *  J_  r  4 

ciCL  C«A  L  1TTc*sP 


} 


(1.210 


dCg  *  I »/  , 
cU^)  If  A  cos  A 

where  E  is  the  lifting  surface  correction,  f  •  f  >2J 

A  is  the  angle  of  sweep 
P  is  the  angle  of  dihedral 
T,  6  Are  the  respective  planform  corrections. 
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5.  The  Influence  of  Fluid.  Boundaries 

When  the  wing  is  operating  close  to  a  fluid  boundary,  its  "free- 
flight"  aerodynamic  characteristics  are  modified,  to  an  extent  depend¬ 
ing  on  the  type  of  boundary  and  the  distance  of  the  wing  from  it. 

There  are  two  main  types  of  boundary j 

(a)  the  rigid  boundary  -  the  walls  of  a  wind  tunnel  in  which  a 

wing  is  being  tested,  and  the  ground 
when  an  airplane  is  in  the  process  of 
taking  off  or  landing. 

(b)  the  free  boundary  -  the  boundary  of  an  "’open- Jet"  tunnel, 

where  a  wing  is  being  tested  in  a  Jet  of 
air  that  is  freely  surrounded  by  the 
atmosphere.  As  will  be  shown  below,  this 
is  also  equivalent  to  the  effect  on  one 
wing  of  an  equal  biplane. 

The  influence  of  fluid  boundaries  '  is'  treated  in  detail  in  many 
classical  works^***  and  will  only  be  discussed  briefly  herein.  For 
convenience,  the  term  "ground  effect"  is  used  for  the  effect  of  a 
rigid  boundary,  and  "biplane  effect"  for  that  of  a  free  boundary. 

While  the  biplane  effect  need  seldom  be  considered  in  modern 
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aerodynamics,  it  is  basically  involved  in  the  influence  of  the 
water  surface  upon  the  characteristics  of  hydrofoils. 

The  presence  of  a  rigid  boundary  at  the  distance  h.  from  the 
wing,  as  shown  in  Figure  1.12(a),  affects  the  motion  of  the  fluid 
about  the  tip  vortices  originating  at  the  wing.  By  reasons  bf 
symmetry,  this  infuence  is 
identical  to  that  of  a 
"mirror  image"  of  the  foil 
and  vortex  system  at  the 
same  distance  (t  beyond  the 
boundary.  (That  is,  the 
boundary  can  be  replaced  by 
the  mirror  image,  in  consider* 
ing  the  effect  on  the  wing.) 

It  is  easily  seen  that  the 
downwash  and  the  Induced 
angle  at  the  wing  are  reduced. 

As  a  consequence,  the  lift 
curve  slope  is  somewhat  increased  and  the  induced  drag 

decreased  in  the  presence  of  a  rigid  boundary. 

The  biplane  effect,  on  the  other  hand,  produces  the  opposite 
results.  Consider  the  biplane  represented  in  Figure  1.12(b)  with 
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the  separation  of  2h  between  the  wings.  Here,  each  wing  provides  the 
same  lift  and  has  Identical  vortex  systems  in  the  same  direction.  It 
is  easily  seen  that  the  downwash  and  the  induced  angle  at  one  wing 
are  increased  due  to  the  vortex  system  of  the  other  wing,  in  direct 
apposition  to  the  ground  effect  discussed  above.  It  can  readily  be 
shown  that  a  free  boundary  a  distance  k  from  a  wing  can  be  replaced 
by  a  "biplane  image"  a  distance  2h>  from  the  wing,  and  thus  is 
equivalent  to  the  "biplane"  effect  on  one  wing. 

The  influence  of  either  the  ground  effect  or  biplane  effect  on 
the  induced  characteristics  of  the  wing  may  be  expressed  as  a  factor, 
K,  in  the  equation 

dcci  dCoi  K 

1ci%  dW)'  A  ll-25) 

The  factor  K  is  given  in  Figure  1.13*,  as  a  function  of  > 
denoting  biplane  effect  and  Kg  denoting  ground  effect.  It  is 
seen  that  at  a  given  ^/b  the  ground  effect  would  decrease  the  induced 
terms  by  the  same  amount  as  the  biplane  effect  would  increase  them. 
When  h  -  o,  the  induced  terms  would  vanish  due  to  ground  effect  and 


*  See  Figure  2.7*  Chapter  2,  for  a 
more  detailed  graph. 
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would  double  due  to  biplane  effect.  When  ■  Kj  ■  1.0,  the 
^free-flight'*  condition  exists,  i.e,  no  boundary  effect. 


BIPLANE  AND  GROUND  EFFECT  FACTOR,  K 

FIGURE  1.13 


For  small  values  of  ,  corrections  to  K  must  be  made  for 
such  things  as  the  actual  tip  clearance  of  dihedraled  or  swept 
foils.  Furthermore,  there  are  the  effects  of  the  image  of  the 
lifting  vortex  which  is  also  present  (but  which  has  not  been  shewn) 
in  the  complete  flow  system  near  a  boundary.  Such  image  influences 
the  foil  section  characteristics  when  the  distance  h»  is  small  a m 
compared  to  the  foil  chord. 
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Usually,  for  aircraft  the  ratio  tyb  is  sufficiently  large  so 
that  the s,.  secondary  influences  are  negligible.  For  hydrofoils, 
however,  tyb  is  generally  snail  and  these  effects  nust  be  considered. 
Therefore,  the  treatment  of  these  secondary  influences,  as  well  as 
other  boundary  effects  on  the  characteristics  of  hydrofoils,  is  given 
in  Chapter  2. 
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6.  Pitching  Moment  Characteristics 
Foil  Section  Characteristics 

As  indicated  in  equations  (1.5)  and  (1*6)  above,  the  lift 
originating  in  a  symmetrical  foil  section  (due  to  angle  of  attack) 
can  be  represented  as  a  single  force  applied  approximately  at  the 
quarter-chord  point.  The  lift  due  to  camber,  however,  is  centered 
at  the  half -chord  point. 

Taking  the  moments  about  the  quarter-chord  point,  it  is  seen  that 
the  moment  is  only  due  to  the  lift  developed  by  camber.  Thus,  from 
equation  (1.6) 

Cry)j^  *  (1.26) 

and  is  a  constant  for  any  given  foil  section,  "f/c  being  the  foil  camber 
ratio,  and  is  thus  approximately  independent  of  the  magnitude  of  the 
lift. 

Experimental  data  on  airfoil  sections^  indicate  that  the  value 
of  the  coefficient  and  the  chordwise  position  are  slightly  different 
from  the  theoretical  values  given  above.  It  is  therefore  usual  to 
define  the  constant  moment  coefficient  by 

C">ac 

which  is  taken  about  the  aerodynamic  center,  or  a.o. 


CONFIDENTIAL 


CONFIDENTIAL 


AIRFOIL  PRINCIPLES 


Effect  of  Planform 

The  aerodynamic  center  and  the  corresponding  moment  coefficient 
for  a  complete  wing  depends  on  the  geometry  of  the  line  of  aerodynamic 
centers  and  the  spanwlse  life  distribution. 

For  wings  employing  the  same  section  shape,  Crrw  and  the  a.c. 

flLw 

position  are  the  same  as  for  the  foil  section  when  the  a.c.  line  is 
straight  and  normal  to  the  direction  of  advance.  (This  applies  to 
rectangular  and  tapered  planfoms  without  sweep,  and  is  independent 
of  lift  distribution.) 


For  other  cases,  such  as  when  sweep,  twist  and  variations  in 
section  shape  are  employed,  the  effects  must  be  determined  as  a 
function  of  geometry  of  the  foil  and  the  resultant  lift  distribution. 
Methods  for  determining  the  spanwlse  loading  distribution  for  foils  of 

V 

arbitrary  plan  form  are  given  by  DeYoung  and  Harper^. 


In  the  particular  case  where  the  taper  ratio  bears  a  certain 
relation  to  the  angle*  of  sweep  as  indicated  in  Figure  l.llj,  the  foil 
loading  is  elliptical  and  the  aerodynamic  center  is  given  bye 


where  X 
A 

from  which 


-  taper  ratio  (tip  chord/root  chord) 

-  sweep  angle 

can  be  determined. 


(1.27) 
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Pitching  moment  characteristics  of  wings  of  various  con¬ 
figurations  are,  however,  most  readily  determined  from  wind  tunnel 
tests.  Thus,  available  test  data  on  wings  of  various  form  (such 
as  presented  in  references  10  and  11)  can  be  utilised  to  determine 
the  pitching  moment  of  similar  wings  under  consideration. 
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Small  Aspect  Ratio  Wings 

In  his  treatment  of  lifting  surfaces,  Lawrence^  also  derives 
values  of  the  aerodynamic  center  for  rectangular  and  triangular 
wings  of  small  aspect  ratio.  (Triangular  wings  were  assumed  to  have 
the  apex  leading  and  the  base  trailing*)  The  values  given  in  Figure 
1.35  are  for  the  linear  • 
portion  of  lift  ( the 
first  term  of  equation 
1.21),  measured  from  the 
leading  edge.  The  non¬ 
linear  lift  (second  term 
of  equation  1.21)  is 
assumed  to  be  uniformly 
applied  over  the  planform, 
so  that  for  the  rectangular 
wing  its  center  is  at  mid¬ 
chord,  while  for  the 
triangular  wing  it  is  at 
the  2/3  chord  position. 

The  effect  of  camber  on  the  moment  of  small  aspect  ratio  wings 
has  not  been  investigated  specifically.  It  is  assumed  that  the  lift 
due  to  o amber  is,  applied  at  the  mid-chord  as  for  wings  of  larger 
aspeot  ratio. 
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ASPECT  RATIO 

AERODYNAMIC  CENTER 
FOR  SMALL  ASPECT  RATIO  FOILS 

FIGURE  M5 
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7.  Airfoil  Drag 

There  are  three  basic  types  of  drag  (or  resistance)  that  are 
experienced  by  an  airfoil,  which  are 

(a)  the  induced  drag  resulting  from  lift,  as  discussed  above* 

(b)  the  friction  drag,  resulting  from  the  shear  forces  in  the 
fluid  at  the  body.  As  a  function  of  the  fluid  velocity, 
these  forces  are  set  up  tangential  to  the  contour  of  the 
body,  and  the  sum  of  the  components  in  the  direction  of 
the  free  fluid  flow  represent  the  friction  drag* 

(c)  the  pressure  drag,  resulting  from  unequal  pressures  on 
the  front  and  rear  of  the  body.  In  a  perfect  fluid,  the 
pressure  (which  acts  normal  to  the  contour  of  the  body) 
would  have  components  in  the  direction  of  free  fluid  flow 
which  would  sum  up  to  zero*  However,  due  to  viscous 
effects,  the  pressures  on  the  rear  of  the  body  are 
reduced,  resulting  in  a  net  pressure  drag.  The  magnitude 
of  this  drag  depends  primarily  on  the  shape  of  the  body, 
and  is  thus  sometimes  called  "form  drag'*. 
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The  basic  difference  between 
friction  drag  and  pressure  drag 
can  be  best  illustrated  by  con¬ 
sidering  the  drag  on  a  thin  flat 
plate,  as  shown  in  Figure  1.16. 

When  the  plate  lies  parallel  to 
the  direction  of  flow,  the  drag 
is  almost  entirely  frictional; 
when  normal  to  the  flow, 
entirely  due  to  pressure.  It 
is  common  procedure  to  couple 
friction  and  form  drag  together 
as  "parasite  drag",  which  is 
defined  as  that  drag  independent 
of,  or  not  due  to,  lift. 

Parasite  drag  is  the  most  important  component  of  the  total  drag 
on  a  foil  in  the  high  speed  ranges  of  aircraft  and  hydrofoil  craft, 
and  is  indeed  an  important  consideration  in  all  fields  of  fluid 
mechanics.  A  comprehensive  treatment  of  the  subject  would  be  ex¬ 
haustive  and  is  not  within  the  scope  of  this  work.  Reference  should 
be  made  to  standard  texts,  Prandtl^  for  a  presentation  applicable  to 
airfoils  and  to  Hoerner?  for  a  detailed  treatment  of  the  parasite 
drag  of  various  aircraft  components. 


—fc-  •mfp  . 

— sjr-*$  -4.  s*T 
FRICTION  DRAG 


FRICTION  AND  PRESSURE  DRAG 
ON  A  FLAT  PLATE 

FIGURE  1.16 
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Since  the  standard  naval  architectural  texts  explain  the  concept 
of  friction  drag  (frictional  resistance  of  ships)  and  pressure  drag 
(eddy  making  resistance),  it  is  not  considered  necessary  to  dwell  on 
the  general  aspects  of  this  subject  at  this  time.  Particular  appli¬ 
cation  to  hydrofoils  is  given  in  detail  in  following  chapters. 


It  should  be  pointed  out,  however,  that  there 
are  slight  differences  in  the  procedure  of 
analyzing  parasite  drag  as  employed  in  aircraft 
and  ship  design.  Airfoil  drag  coefficients  are 
referred  to  the  plan  area  of  the  wing,  and  other 
aircraft  components  (nacelles,  fuselages,  etc.) 
are  referred  to  on  the  frontal  or  cross-sectional 
area;  whereas  the  standard  ship  practice  is  to  use 
the  total  wetted  area  of  all  submerged  components. 
Furthermore,  the  marine  industry  has  adopted  the 
•'Schoenherr  line"  for  turbulent  friction,  whereas 
in  aeronautics  no  standard  has  been  adopted 
although  the  “Prandtl-Schlichting  line”  is  in 
general  favor. 


The  procedure  employed  herein  is  to  use  the  reference  areas 
employed  in  aerodynamics  (except  for  hulls,  where  marine  methods  are 
retained)  but  basing  the  friction  drag  coefficients  on  Schoenherr*  s 
function. 
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8.  Airfoil  Data 

The  aircraft  industry  has  published  a  wealth  of  information  on 
airfoil  characteristics.*  The  evolution  of  the  characteristics  of 
hydrofoils,  as  presented  herein,  has  been  accomplished  by  drawing 
heavily  on  this  information,  utilizing  airfoil  theory  with  such 
corrections  as  have  been  indicated  by  experimental  data.  This 
material  has  been  applied  directly  or  modified  as  required  for 
surface  effects,  as  can  be  seen  in  the  chapters  that  follow. 

Some  of  the  data  is  of  basic  nature  and  is  published  in  readily 
usable  form  so  that  it  can  be  applied  directly  to  the  hydrofoil. . 
Thus,  NACA  has  published  correlated  section  data  on  a  wide  variety 
of  airfoil  shapes1*2*1^,  from  which  the  basic  section  characteristics 
can  be  readily  ascertained.  Figure  1.17  shows  a  typical  set  of  data 
available  for  one  of  the  NACA  series. 


*  See  "Index  of  NACA  Technical  Publications* 
National  Advisory  Committee  for  Aeronautics, 
Washington,  D.  C. 
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Fro*  this  particular  data,  the  following  two -dliuens lonal  oharscter- 
istics  can  be  found > 

section  lift  coefficient 
section  lift  curve  slope 

section  drag  coefficient  (smooth  and  rough-various 

Reynolds  numbers) 

section  moment  coefficient  (about  the  l/h  chord  and 

about  the  a.c.) 

angle  of  zero  lift 
maximum  lift  coefficient 
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Data  is  also  available  on  the  characteristics  of  miscellaneous 
shapes  and  bodies,  flaps,  etc.  as  may  be  required  for  a  detailed 
analysis  of  hydrofoils  but  which  are  too  varied  to  allow  individual 
treatment  in  the  text  that  follows. 
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lo  General  Considerations 

The  hydrodynamic  characteristics  of  hydrofoils  operating  in  water 
are  closely  related  to  those  of  airfoils  operating  in  air.  When  the 
hydrofoil  is  so  deeply  submerged  as  to  be  considered  operating  in  an 
infinite  fluid,  it  is  directly  equivalent  to  the  airfoil,  taking  into 
account  the  difference  in  density  between  water  and  air  (and  assuming 
that  speeds  are  below  those  at  which  cavitation  in  water  and  compress¬ 
ibility  in  air  would  be  influential). 

In  the  practical  case,  the  hydrofoil  acts  close  to  the  water 
surface  with  a  consequent  effect  on  its  hydrodynamic  properties. 

This  effect  can  be  accounted  for  to  some  extent  by  classical  airfoil 
treatment  of  the  influence  of  fluid  boundaries,  but  it  also  requires 
consideration  of  the  gravity  effect  that  is  unique  to  a  body  operating 
near  the  water  surface  (the  boundary  between  two  fluids  of  great 
difference  in  density).  This  gravity  effect  produces  an  increase  in 
drag  on  the  foil  and  is  represented  physically  by  a  wave  system  similar 
to  that  produced  by  a  ship.  (The  wave  system  is  treated  in  Chapter  6.) 

The  basic  hydrofoil  theory,  therefore,  takes  into  account  all 
surface  effects  on  a  simple,  fully  submerged  foil.  From  the  relation¬ 
ships  established  from  the  theory,  the  "airfoil"  effects  and  the  "wava" 
effects  can  be  separated  and  independently  considered  for  general 
engineering  application. 
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Corrections  to  the  basic  hydrofoil  characteristics  for  variations 
in  foil  geometry,  the  effects  of  struts  and  other  appendages,  and  the 
Influence  of  various  operational  factors  can  be  readily  and  clearly 
indicated  as  functions  of  the  "airfoil**  and  "wave"  effects  considered 
separately. 

The  hydrodynamic  characteristics  of  the  fully  submerged  foil  are 
treated  in  this  chapter  along  these  lines j  surface -piercing  foils  are 
treated  in  Chapter  3.  The  influence  of  cavitation  has  not  been  con¬ 
sidered  in  the  derivation  of  these  foil  characteristics.  The  con¬ 
ditions  under  which  cavitation  will  occur1,  and  the  consequent  effect 
on  the  foil  properties  are  treated  in  Chapter  12. 
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2.  Hydrofoil  Theory 

Two-Dimensional  Theory 

The  concept  of  a  rectilinear  vortex  advancing  in  a  fluid  has  been 
used  in  the  development  of  airfoil  theory,  as  indicated  In  Chapter  1* 

It  can  be  similarly  used  to  develop  hydrofoil  theory,  with  the  added 
condition  that  the  vortex  is  located  below  a  free  water  surface. 

This  case  has  been  investigated  by  Notching  with  the  results  that 
the  lift  is  modified  by  the  free  surface  and  a  drag  on  the  vortex  is 
produced  (in  association  with  a  surface  wave).  The  relationships  are 
given  ass 


L  =  /<>v©b  -  *>/><&  n 

•  4rh 

(2.1) 

(2.2) 

where  L  is  the  lift 

Dw  is  the  "wave  drag" 

b  is  the  span  (considered  to  be  infinite 
in  the  two-dimensional  case) 

K,  is  the  depth  of  submergence 

V  is  the  fluid  velocity 

(£)  is  the  value  of  the  circulation 

P  is  the  fluid  density 

is  the  acceleration  of  gravity 
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and 


Equation  (2.1)  indicates  that  the  lift  of  the  vortex  in  infinite 
fluid  (the  first  term  of  the  equation,  as  shown  in  Chapter  1)  is 
modified  by  an  image  system  due  to  the  proximity  of  the  free  surface. 
This  image  system  changes  the  magnitude  and  direction  of  the  fluid 
flow,  resulting  in  a  change  in  lift,  indicated  in  equation  (2.1)  and 
a  drag  of  the  "induced"  type,  equation  (2.2).  It  can  be  seen  from  the 
equations  that  both  the  drag  and  the  change  in  lift  reduce  to  zero  as 
the  submergence  approaches  infinity,  thus  inducing  to  the  case  for 
the  foil  in  infinite  fluid. 


Values  of  the  factor  n  are  given  in  Figure  2.1  as  a  function 


( 


2.1 
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of  the  Froude  number,  »  It  is  seen  that  in  the  limiting 

cases 

fi  a  —  1.0  a>i  •  O 

ii  *1.0  ai  ^  *  oo 


and  thus,  from  equation  (2,1),  the  image  system  is-  seen  to  be  that 
of  a  "mirror"  image  at  ^  *  0  and  a  "biplane"  image  at  *  oo  ,  as 


indicated  in  Figure  2.2.  In  these 
cases,  the  image  "produces"  a 
change  in  fluid  velocity  past  the 
vortex,  but  no  change  in  fluid 
direction.  Thus,  the  wave  drag 
must  be  zero  and  is  so  indicated 
in  evaluating  equation  (2.2)  at 
these  limiting  Froude  numbers. 

(At  Jj"  ■  «o  ,  only  when  the  sub¬ 
mergence  is  not  zero.) 


For  practical  applications  of  hydrofoil  craft,  the  speed  is 
high  and  the  foil  submergence  is  relatively  low  so  that  the  Froude 
number,  \  •  v/vjr  ,  is  high*  Insofar  as  the  effect  on  fluid 
velocity  is  concerned,  the  value  jfl  e  1.0  (from  Figure  2.1)  may  be 
generally  used  without  serious  error. 

Then,  equation  (2,1)  may  be  written 
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\ 

i 

t 

L  =  1°  (E)  (\Z~<u.)  b  i  (2.3) 

i 

j 

1 

or 

©  * 

T  ' v-*.' 

where 

M  •®/4nrh.  >  the  decrease  in  fluid  velocity  at  the  - 
vortex  due  to  its  bipxane  image. 

V  L/ftV‘ 5 

! 

Thus, 

| 

the  equation  for  the  lift  of  the  vortex  near  the  free  j 

surface  can  be  treated  as  that  of  a  vortex  in  infinite  fluid  with  the 
velocity  instead  of  V  .  From  Chapter  1,  then,  the  circulation 
around  the  equivalent  foil  section  can  be  written 


<D  * 

Tf  Cct^Cv  -*».) 

(2.U) 

i 

where  C 

is  the  foil  chord 

! 

is  the  angle  of  attack  of  the  foil  in  two  j 
dimensions  (measured  from  the  angle  of  zero  , 
lift  for  cambered  foils). 

i 

| 

From  equations  (2.2) ,  (2.3)  and  (2.U),  the  lift  and  drag  can  be  j 

derived  for  the  foil. 

in  coefficient  forms 

i 

CL  * 

i»«c.  (£*)* 

(2.$) 

i 

/ 

Cow  ■ 

(2*6) 

1 

l 

i  ' 

i  j 

! 

t 

i 
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where  Cp 


(£^j 


v/qr 

is  given  in  Figure  2.6  as  a  function  of  F+, 


Noting  that  rh  *  the  value  of  (  ~^i)X  can  be  determined 


from  equation  (2.1*)* 


lHi^\x  *  / — ! —  ) 

l  V  '  '  1+  Cl *i/fh  ' 


(2.7) 


At  normally  small  angles  of  attack*  the  effect  on  the  fluiJ  velocity 
is  negligible  for  mibmergences  of  over  1  chord*  and 


(^fJl  * 


when  tyc  >l.o 


As  the  submergence  decreases*  however*  the  effect  on  lift  becomes 
important.  Furthermore*  with  a  foil  of  finite  chord*  the  influence  of 
the  vo r tax  image  must  be  considered  over  the  entire  chord*  instead  of 
only  at  the  lifting  line  as  heretofore  assumed. 

Finite  Chord  Corrections 

When  the  submergence  is  small*  the  curvature  of  the  fluid  flew  due 

to  the  vortex  inage  appreciably  affects  the  lift  characteristics  of  the 

foil  section.  This  can  be  treated  by  a  simple  approximate  method 

2 

familiar  in  aerodynamics  ,  which  Is  to  consider  the  flew  eompenonto  at 
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a  "control”  point  l/2  chord 
bahind  the  location  of  the 
lifting  vortey,  aa  indicated 
in  Figure  2.3*  The  downward 
velocity  component  due  tc 
both  vortices  at  this  point 
is  then 


- 

r 

K  \$URFACE 

- 

-V  \ 

c/*  J 

FIGURE  2.3 

v  .  <g  r_L  *  _2*.  7 

tir  L  4V*eH  i 


tf  4V* 

and  the  reduction  in  horizontal  velocity 


M.  *  SS  f  1 
**  l  4*%4C*  J 


(2.8) 


(2.?) 


How  to  satisfy  the  condition  that  there  is  no  fluid  flow  through  the 
foil,  the  angle  of  attack  sust  be  equal  to  the  angle  of  fluid  flow, 
or 

«*.  «  -  VC.. 

\t*Jb 

which  by  combining  equations  (2.3)  and  (2 ,9)  is 

to  which  murt  be  added  the  "induced"  wave  angle.  From  equation  (2.6) 
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A\ 


CCW  -  Co*  ,  /.V  \*  f  q 

w  -s-  VV-vuJ  h  l  zT*  /  u 

'-L  n 


(£.11) 


Combining  aquatic  is  (2.3)  and  (2.9),  and  noting  that  for  small 
values  of  u/\j ,  higher  >owers  can  be  disregarded. 


4  k/c  -  C  ••  u-N-m.)  ~  44 

zir[(4utf>j}  v*  v 


(2  !.2) 


and 


(&)**  *♦  ='*uc^ 

where  XL  -  4 


k2.13) 


The  total  foil  angle  (aea:  ired  from  the  angle  of  aero  3  :■  '*t )  and 
the  total  ware  drag  coeffleient  san  then  be  found  by  substJT  cion  of 
terms  s 


flC  »  6  4  Ti.OCt  [  rir  +  sTfe+ 


(2.U) 


(2.15) 


The  derivatives  and  similar  in  font,  exoept  that 

the  respective  factors  for  the  effective  fluid  velocity  are 
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-i  . 

1  ANTlAr,  iiliiMKHUI'”*  1'  3 


(  M  ZUCL) 

(  i  4  VtUCt) 

■  »  t-aad  nl' 

( i  +  uO 


Squat! one  (".lit)  and  {J.15)  are  e  basic  aquations  for  the  hydro- 
!  t  tr  ‘ye  dimensions*  and  Indicate  .a  ollowing  affccta  of  the  free 


rtn  w.;v«-  a-.  .inn  Lo  of  submergence  Fronde  number 

mi 'ii.M i  (.'oiu'-t-  ,  ’  n  ratio  Vc  •  At  Infinite  Froude 
number  or  Infinite  ,  th'  wave  effects  disappear* 

(b)  finite  Otic  A  ..  <6  m.  r \iC „  —•  a  function  of  ,  At  ralues  of 

>  1,0  ,  the  vaJ  j  of  H  become  negligible. 


to  theories  f : 
been  advanced  1 
'act a  .are  not  as 
•&•*£  evaluated 
.bis  wave  e: 
n  aboTe. 


’  the  tvo -dimensional  fell  vith 
f  Kotehin?  sad  Isldysoh-^&s1 
lesrly  Illustrated  «#  in 
m  eass  for  large  Ffeovuti 
eets)  sad  the  rbsulttt  agree  eloaely 
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The  Foil  of  Finite  Span 

For  the  foil  of  finite  span,  there  le  the  additional  influence  of 

I 

the  trailing  vortex  system.  In  Chapter  1,  the  induced  effects  on  a 
finite  wing  in  the  presence  of  a  fluid  boundary  were  shown  to  be 

(is  \  •»  ££%  »  j<_ 

^44  dC<lx)  TfA 

which  were  added  directly  to  the  airfoil  properties  in  two  dimensions* 

I 

to  give  thm  total  wing  characteristic® • 

I 

i 

However,  thir  procedure  cannot  be  used  in  the  case  of  the  hydro¬ 
foil.  Both  the  finite  chord  and  wave  effects  in  two  dimension^  are 
modified  by  finite  span  considerations j  and  the  airfoil  induced  effects 
are  modified  by  the  influence  of  gravity.  Therefore,  the  hydrofoil  of 
finite  span  must  bo  investigated  as  an  entity.  The  concept  of  separate, 
additive  tens  will  be  useful  however  in  evaluating  the  characteristics 
of  the  foil,  as  will  later  he  shown. 

Xn  the  development  of  the  theory  of  the  hydrofoil  of  finite 
spen,  the  vortex  line  concept  is  used.  Finite  chord  effects  are  not 
considered  herein,  but  will  be  re-introdueed  later. 

The  hydrodynamics  of  the  vortex  line  of  finite  spam  in  the  vicinity 
of  the  free  surface  (and  in  infinitely  deep  water)  bevw  bamn  imresti- 
g«Ud  by  several  authors**7*8.  Reference  | feewld  be  mode  to  the  erigiael 
works  for  the  details  and  procedure  required  to  determlM  the  theontisel  i 
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characteristics  of  the  hydrofoil,  since  the  expressions  derived  are 
rather  complicated  and  do  not  lend  themselves  to  simple  formulation 
or  evaluation. 


Qualitatively,  however,  the  characteristics  can  be  shown  to  be 
composed  of  three  major  components,  as  follows t 


(a)  The  aerodynamic  Induced  effeots  of  a  foil  in  the  presence 
of  a  rigid  wall.  This  is  identical  to  the  ground  effect 
discussed  in  Chapter  1,  wherein  the  induced  angle  is 
modified  by  the  factor,  . 


(b)  The  lateral  wave  induced  effect,  due  to  the  trailing  vortex 
system  (the  trailing  vortices  from  the  foil  tipe  and  their 
images  above  the  water  surface).  The  induced  factor  varies 
with  Frauds  number,  from  the  limiting  value  0(pn  <,)  to 

(\C  -  Hi),  ,  where  tCa  is  the  biplane  factor. 

'  *  J’(^»«e) 


The  total  effeot  of  the  above  components  added 
together  results  in  a  function  similar  to  Cl  , 
which  is  given  in  Figure  2.1  above. 


(e)  The  transverse  wave  induced  effect,  due  to  the  lifting 

vertex  system  (the  lifting  line  vertex  at  the  foil  sat  its 
images  above  the  free  surface).  This  is  slmlAer  te  ip#  tee- 
dimensional  wave  effect  discussed  above,  bet  desrsasssto  ", 


sagnitude  as  the 


retie 
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Braalin®  evaluated  the  drag  of  a  foil,  of  aspect  ratio  10  at  a  subaerg- 
<iace/span  ratio  of  0«08iu  The  results  for  an  assumed  elliptical  lift 
distribution  ars  shown  in  Figure  2.U,  with  the  effect  of  each  component 
being  indicated* 

Practical  Considerations 

As  indicated  above  and  as  shown  in  Figure  2.U,  the  combined  aero¬ 
dynamic  and  lateral  wave  effect  is  similar  to  the  function  given  for 
the  two-dimensional  case  (compare  Figure  2.1) j  and  as  in  that  ease,  it 
may  be  considered  equivalent  to  the  biplane  effect  at  high  Froude 
numbers.  That  is,  the  Induced  angle  of  the  foil  in  infinite  fluid  is 
modified  by  the  biplane  factor,  . 

However,  Figure  2.U  indicates  that  the  difference  in  transverse 
wave  drag  between  the  three-dimensional  theory  and  the  two-dimensional 
theory  is  significant.  Ivaluation  of  the  three-dimensional  formula  is 
so  arduous  that  it  appears  a ore  reasonable  for  engineering  purposes  to 
use  the  two-dimensional  formula,  reduced  by  a  suitable  factor. 
Arbitrarily  tha  factor  -  0  is  uaed,  which  factor  has  a  simple 
correlation  to  that  used  for  the  effect  of  the  trailing  vortices. 

Thus,  the  equation  for  the  Induced  lift  angle  is  in  ti*e  presence  of 
tha  free  surface! 


CONFIDENTIAL 


I 


CONFIDENTIAL 


SUBMERGED  FOILS 


I 


CONFIDENTIAL 


SUBMERGED  FOILS 


_L  + 

VA  If  A 


-(%L+ 


and  the  transverse  wave  lift  angle  is 


pL  *  (zZl^ 

where  &SL  is  the  induced  lift  angle  in  infinite  fluid 

(eU  #  \  is  the  wave  lift  angle  in  two-dimensional  flow. 

tec/. 

From  this,  the  following  concept  can  be  stateds 


The  induced  angle  of  a  foil  of  finite  span  in  infinite 
fluid  it  increased  by  two  additive  terms  as  the  foil 
approaches  the  free  water  surface.  One  of  these  is  due 
to  the  effeet  of  the  surface  on  the  trailing  vortices, 
the  other  on  the  lifting  vortex.  Each  of  these  terms 
is  modified  in  the  sane  degree  by  a  common  factor 
that  depends  on  the  submergence-span  ratio  of  the  foil. 

The  use  of  this  factor  for  the  transverse  wave  effeets  may 

have  little  theoretical  justification,  but  is  considered  to  be  of  the 
proper  magnitude.  Applying  this  factor  to  the  case  shown  in  Figure 
2.h,  the  total  dreg  is  seen  to  agree  reasonably  with  that  derived  by 
the  complete  theory. 


!  i 
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3.  Btuslc  Foil  Characteristics 


As  indicated  in  the  preceding  section,  the  hydrodynamic  character¬ 
istics  of  the  hydrofoil  are  approximately  given  as  the  sum  of  two 
distinct  components: 

(a)  The  aerodynamic  characteristics  of  a  foil  operating  near 
a  free  fluid  boundary.  These  are  identified  as  the  basic 
airfoil  effects,  denoted  by  the  subscript  <L  in  the  equations. 

(b)  The  additional  transverse  wave  effects  occurring  in  the 
presence  of  the  water  surface.  These  are  identified  as  the 
wave  effects,  denoted  by  the  subscript  in  the  equations. 

The  basic  airfoil  effects  are  given  in  Chapter  1.  For  the  hydro¬ 
foil,  however,  the  finite  chord  and  reduced  fluid  velocity  corrections 
must  be  added  to  account  for  small  foil  submergence.  The  correction 
terns  involving  'LL  (introduced  in  the  preceding  section  for  the  two- 
simensional  case)  must  then  be  added.  For  finite  foils,  the  values 
of  I L  have  been  calculated  along  the  span,  and  the  average  value 
determined.  Thus,  the  airfoil  terms  can  be  shown  to  bet 

*■ 


(*•*> 

(*•17) 
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where  1 X  is  the  factor  denoting  change  in  fluid  flow,  find 
is  given  in  Figure  2.5 

Er  is  the  lifting  surface  correction,  I  ♦  */A* 

Tt  J"  are  the  respective  planform  correction  terms, 
given  in  Chapter  1 

K  is  the  biplane  factor,  generalized  to  account  for 
various  foil  configurations,  as  later  indicated* 
For  the  basic  foil,  the  factor  is  *4  given  in 
Figure  2.?. 


The  wave  effects  are  readily  determined  from  the  hydrofoil 
theory  given  in  the  preceding  section: 

Itkl  ■('♦«** >!(«££>*>.-•>  <2-«> 


h/c 

VALUES  OFU  AS  A  FUNCTION  OF  Mi 

FIGURE  2.5 
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Shallow  Water  Corrections 

Operations  in  shallow  water  affect  both  the  airfoil  and  wave  in¬ 
duced  characteristics.  For  the  airfoil  components,  the  induced  effects 
are  reduced  by  the  usual  ground  effect,  but  this  involves  such  extremely 
shallow  water  (depth  from  foil  to  bottom  of  1/2  foil  span  or  less)  that 
it  is  not  a  practical  operating  condition  and  can  be  ignored. 

However,  the  wave  induced  components  are  influenced  in  Moderately 
deep  water  by  the  presence  of  the  bottom,  depending  on  the  speed  at 
which  the  foil  is  travelling.  Thus,  when  the  depth  of  water  is  less 
than  (or  the  craft  speed  is  above  the  critical  value, *  & ) 
the  transverse  wave  effects  vanish.  In  the  suberitioal  range,  the  wave 
effects  are  modified  to  some  extent  which  has  not  been  determined.* 


Tentatively,  the  following  factor  is  proposed  for  correcting  the 
wave  drag  in  shallow  water  operational 

n  •  i-  ($)'  *  t-  '‘'4*  u  Vijpi 

•7  *  °  Ur  V  -  Jp 

by  which  the  wave  induced  effects,  equations  (2.18)  and  (2.19)  should 
be  multiplied. 


}  (2. 


20) 


*  A  two -dimensioasil  theory  of  wave  drag  in  shallow  water  has  been 
advanced  'sy  Meyer',  but  shows  little  correlation  witu  medal  tests 
of  fial.tv  span  foils.  The  test  results10*11  are  also  obscure  in 
that  thh  actual  shallow  water  effect  cannot  be  determined,  because 
there  *r®  no  experimental  results  on  the  wave  drag  *n  deep  water 
to  afford  comparison.. 
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Summary  of  Baslo  Foil  Characteristics 


The  total  affects  of  the  foil  are  then  determined  by  adding  the 
two  components,  thuai 


A  ■  (&i  '&i  «■» 

%  ■  i%,  ■  <■•**> 


idiere  for  the  simple,  horiaontal  foil  the  airfoil  effects  ere  given  in 
equations  (2.16)  and  (2.17)  and  the  wave  effects  in  equations  (2.18) 
and  (2.19).  In  the  following  sections  of  this  chapter,  the  effects  of 
struts  and  other  appurtenances,  changes  in  foil  geometry,  etc.  are 
considered  as  they  affect  the  airfoil  characteristics  of  the  staple 
foil.  The  wave  Induced  effects  are  not  considered  changed  from  that 
given  above  (except  where  specifically  noted).  The  total  character¬ 
istics  would  etill  be  expressed  as  the  sum  of  the  airfoil  and  wave 
effects,  but  with  modified  values  as  required. 


CONFIDENTIAL 


CONFIDENTIAL 


SUBMERGED  FOILS 


DESIGN  EXAMPLE  NO.  2.1 


DETERMINE  THE  CHARACTERISTICS  OF  A 
FULLY  SUBMERSED  FOIL 

THE  FOIL  IS  RECTANGULAR ,  WITH  A  SPAN  OF  20FT. 

AND  A  CHORD  OF  2  FT. .OPERATING  AT  A  SUBMERGENCE 
OF  3  FT. 

DETERMINE  THE  EFFECTS  AT  SPEEDS  OF  30,35  Cb  40 KNOTS 
AT  AN  AVERAGE  WATER  DEPTH  OF  200  FT. 


PARTICULARS  A  *  10 


h/c  =  1.5 
♦Vb  =  0.15 


V  --  50  7 

59.2 

676 

(ft/ sec) 

Fh=  V/0h'5l6 

6.02 

689 

VV?<i  =  040 

0.54 

0  71 

AIRFOIL  EFFECTS 

E  *  I.OZ 

U :  *  0.04  (Figure  1.5) 

K*Kb*!37(Fi9urel1) 

1  **•  0  078  } (Fl9Urc  18  °fCh<>Fter  ») 
From  Elation  (2.16): 


=  O.2I$(|«-O.05fc) 


From  Equation  (t.n) 

!  0*0.06 

-  O.Q4l(ltQ.06<L) 
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DESIGN  EXAMPLE  NO.  ZA  j  -»» 

WAVE  EFFECTS 

From  Figure  2.6 
e-**' 

;  *  O.OI7,  0013, 00105 

Z  rh 

Kb-l  *0.37  ' 

From  Equation s  (  2 .1 8) ,  ( 2 . 1 9),  and  (2  •  2.0) 

fir)  ’O*0  08  O0!7(l-0. 4-0). 0.0025(1*008 CO 

lW  O.O«(l-O.54)»O.OOI50*O.O8Ci.) 

0.0105(1  -  0.7 1 )  ■K).  00075 (H'0-08  CO 
^  •  0.0025  (l+O.OfcCt) 

J(Cl^  O.OOIo  (1+O.OfeCO 
000075(1*0  06  Cu) 

TOTAL  EFFECTS 

Assume.  a  design  Cl8  0  50  at  30  Knots 


Iomk 


V 

KNOTS 

CL 

(S. 

(4±\ 

Idc  Jw 

rlCt>0- 
il C?) 

4Co*  I 
diC?l  1 

44 

4U 

iLCo 

KCJi 

30 

0.50 

0.228 

0.003 

0.049 

EB 

0.231 

0052 

35 

0368 

0.225 

0002 

0.049 

0002 

0.227 

0.050 

40 

0.281 

0.224 

0.001 

0048 

0.001 

0  225 

0.049 
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U*  Effects  of  Struts,  End  Plataa  and  Nacellos 

Tbs  changes  in  induced  effect a  due  to  struts,  end  plate e,  nacelles 
end  other  similar  attachments  to  the  foil  can  be  considered  due  to  two 

separate  causes » 

First ?  a  favorable  effect  due  to  the  retarding  of  spanwise  flow. 
This  is  the  commonly  known  "end  plate  effect”  and  may  be 
considered  as  a  redistribution  of  trailing  vortices  along  the 
surface  of  the  attached  member  rather  than  the  foil,  result¬ 
ing  in  a  reduction  of  induoed  angle  And  drag.  Theoretical 
analyses  have  been  made  for  airfoils  and  the  results  are 
readily  adapted  to  hydrofoils. 

Second,  an  adverse  effect  (generally)  which  is  a  function  of  the 
thickness  (spanwise  extent)  of  the  attachment.  This  effect 
is  generally  identified  as  "interference"  and  is  due  to  the 
interruption  of  spanwise  lift  distribution  and/or  due  to  the 
constriction  in  flow  past  the  body.  Analysis  of  test  data 
is  the  most  suitable  means  for  evaluating  this  effect. 

End  Struts  and  End  Plates 

Analysis  of  the  biplane,  boxplane  and  end  plate  effects  on  airfoils 
have  been  made  by  several  authors,  and  are  as  given  by  Durand32. 
Hceroer^  has  shown  these  effects  referred  to  a  hydrofoil,  and  the 
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functions  are  reproduced  in  Figure  2.7  in  terms  of  the  factors,  K,  by 
which  the  basic  sirfoil  induced  affect  must  be  modified.  Thusi 

Kb  is  the  hydrofoil  "biplane"  effect,  a  function  of 

Kbo  is  the  hydrofoil  with  end  struts,  "boxplans"  effect, 
a  function  of 

is  the  end  plate  effect,  a  function  of 
The  following  relationships  are  seen  to  exist,  approximately* 


K 


bo 


Kb 


_ I _ 

1+ 


(2.13) 


1 

t  +2  M, 


The  end  plate  effect,  Kf ,  is  derived  for  a  foil  in  infinite  fluid 
with  a  pair  of  end  plates  of  actual  height,  h«  .  However,  for  the  hydro 
foil,  the  end  plate  effectiveness  is  modified  by  the  presence  of  the 


free  nrfese  end  an  effective  end  plate  weight  must  be  sebetltued  fer 
the  actual  height  in  equation  (2.21*). 
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_  _ SURFACE _ 

$ 

• 

h 

b 

FIGURE  2.8 

From  Figure  2.8,  considering  the  upper  portion  of  the  end  plate 
only,  the  end  plate  effect  approaches  the  boxplane  condition  when 
the  ratio  approaches  1.0,  and  the  effective  end  plate  height 
la  then  l/2  that  of  the  actual  height,  from  equations  (2.23)  and 
( 2 . 2lt ) .  For  the  lower  portion  of  the  end  plate,  the  effectiveness 
is  increased  as  ^  approaches  zero  (due  to  the  influence  of  its 
image),  so  that  at  *  0,  the  effective  end  plate  height  is 

twice  the  actual  height.* 

Thus,  depending  on  submergence,  the  effective  height  varies 
between  l/2  and  1.0  for  the  upper  end  plate  and  between  2.0  and 
1.0  for  the  lower  end  plate.  An  empirical . formula  to  determine 

*  pis  can  be  visualised  as  follows!  the  biplane  image  of  tbs  trail¬ 
ing  vortex  reduces  the  spanwise  flow  of  fluid  on  the  upper  fell 
surface  (Inward)  and  increases  the  spanwise  flow  on  the  lower 
surface  (outward).  Therefore,  the  upper  end  plate  ie  less  effect¬ 
ive,  the  lover  end  plate  more  effective  than  in  infinite  fluid. 

CONFMTIAL 


II  -  2.27 


CONFIDENTIAL 


SUBMERGED  FOILS 


the  total  end  plate  effectiveness  at  a  submergence,  k 

/*£]  ,  KurtAJu)  „  Kl  +  V 

'  b  Uff  b  '  2h  '  b  th,  4  fig 

Effect  of  Struts  and  Plates  Inboard  of  Foil  Tips 


is  as  follows 

(2.25) 


The  effectiveness  of  struts  and  end  plates  is  reduced  as  the 
member  is  moved  inward  from  the  foil  tips.  Mangier1^  calculated  the 
effectiveness  of  end  plates  in  various  spanwlse  positions  on  an  air¬ 
foil  and  the  results  are  shown  by  Ho  erne  r^  to  be  a  function  of  the 
spanwlse  position,  %  ,  and  the  end  plate  height,  H  .  It  can  be 
shown  that  a  good  approximation  for  any  is  that  the  effective 

height  is  reduced  in  the  ratio 

(*>’ 

where  is  the  distance  of  the  plate  from  the  midspan  of  the  foil. 
Assuming  this  correction  to  apply  for  both  plates  and  struts  for  the 
hydrofoil,  the  total  K  factor  can  then  be  determined  for  the  hydro¬ 
foil.  Thus,  for  a  foil  of  the  configuration  shown  in  Figure  2,9t 


-1 

t_  Qt  _ 

_ L_ 

h 

1 

_ j _ 
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\ 
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i 

FIGURE  2.9 
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"here  CfcW 


is  determined  from  equation  (2.2 5). 


(2.26) 
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DESIGN  EXAMPLE  NO.  2.2 


DETERMINE  THE  K  FACTOR  FOR  THE 
FOLLOWING  CONFIGURATION 


SH  I  OF 


i.o;r 

O-UZZ 


AVERAGE  CHORD  >  1.5* 
FOR  FOIL, STRUTS  ft 
END  PLATES 


3/PLFWE  FACTOR 

From  Figure  2.7 
Hb  =  I./83 

END -PLATE  EFFECT/U'ENESS 
From  Equation  (2.25) 

-  To'f  +n>*h‘  0136 

7VTM  K  FACTOR 

From  Equation  (2.2.6) 

((  »  b/83  L  ■  "|  1  . -  — - 1  *  !' 

L  i*  (03)03  *  2*0  /36 J  A  260 

=  0.924 
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End  Plate  Effect  of  Nacelles 

It  has  been  shown  by  Hoerner^  that  a  nacelle  (wing  tank)  of 
cylindrical  shape  has  an  effective  end  plate  height  of  1/2  the 
diameter  of  the  nacelle.  Vlhen  located  at  the  wing  tip,  however,  this 
effect  is  counteracted  by  the  rolling  up  of  the  trailing  vortices  more 
readily  due  to  the  round  tip,  with  a.  consequent  reduction  in  effective 
span  equal  to  l/2  the  nacelle  diameter.  Thus,  in  this  case,  when  con¬ 
sidering  the  overall  span  to  the  outside  of  the  nacelle,  there  is  no 
end  plate  effect. 

However,  in  order  to  formulate  the  end  plate  effect  for  all  span- 
wise  locations  of  the  nacelle,  the  nominal  span  may  be  considered  to 
be  between  oenters  of  the  tip  nacelles.  Then,  adding  the  end  plate 
effect,  the  same  net  relationship  is  derived.  As  indicated  in  Figure 
2.10,  the  total  end  plate  effect  of  nacelles  can  be  estimated  by 
considering i 

(a)  the  height  is  equal  to  l/2  the  rounded  part  of  the  nacelle 
plus  the  full  height  of  any  flat  sides 

(b)  the  spanwise  location  is  measured  to  the  center  of  the 
nacelle. 

With  these  dimensions,  the  effect  can  then  be  calculated  on  the  basis 
of  the  end  plate  formulas  derived  above. 
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Effect  of  Lateral  Area  on  End  Plate  Effect 

The  above  formulations  for  struts ,  end  plates  and  nacelles  have 
been  derived  on  the  basis  of  these  members  having  a  chord  (longitu¬ 
dinal  extent)  equal  to  that  of  the  foil.  However,  depending  on  the 
total  lateral  area  of  the  member,  and  the  shape  of  that  area,  the 
effect  may  be  greater  or  smaller  than  indicated  above.  There  are  no 
definite  formulas  available  to  account  for  this  effect,  but 
tendencies  can  be  noted,  as  in  Figure  2.11.  Generally,  where  these 
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members  are  full  at  the  foil  and  tapering  towards  the  upper  and/or 
lower  ends  they  are  more  effective  than  those  (such  as  struts)  that 
are  full  at  the  ends  and  taper  towards  the  foil.  For  rectangular 
or  near  rectangular  members ,  the  effective  height  may  be  considered 
to  vary  directly  as  the  ratio  of  the  mean  chord  of  the  lateral  area 
to  the  chord  of  the  foil. 


LESS  EFFECT 


Era  Plate  Effectiveness  as  influenced  By  Lateral  area  a  Shape 


FIGURE  2.11 


Interference 


The  "interference”  effects  arise  due  to  the  disruption  of  flow 
at  the  foil  caused  by  the  superposition  of  other  bodies  on  the  foil. 
Such  interferences  cause  additional  viscous  effects  (as  treated  in 
Chapter  I4)  and  additional  induced  effects. 
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Tha  lift  induead  effacta  are  dua  to  disruption  of  spanwitta  dis¬ 
tribution  of  lift |  i.a.  tha  superimposed  body  removes  a  portion  of  lift- 
producing  foil  area,  causing  a  reduction  in  lift  and  a  redistribution  of 
lift  along  tha  remaining  span  of  tha  foll«  Opposing  this  affect,  the 
constriction  of  fluid  flow  at  tha  sides  of  the  body  results  in  super- 
velocities  of  the  fluid  and  thus  a  local  increase  of  foil  lift  at  the 
intersection. 


Test  dnta^  indicates  that  the  overall  effect  of  a  foil-strut 
intersection  is  to  reduce  the  lift  (or  increase  the  induced  angle  and 
induced  drag  for  a  given  lift).  A  siaple  analytical  expression  can  be 
derived  for  this  effect  by  assuming  the  lift  to  be  lost  over  that 
portion  of  the  foil  span  occupied  by  the  struts,  t*  ,  and  neglecting 
the  effect  of  super-velocities.  By  further  assuming  the  upper  foil 
surface  develops  2/3  of  the  total  lift,  it  can  be  shown  that  the  inter¬ 
ference  effect  on  the  lift  angle  slope  and  the  Induced  drag  may  be 
approximately  expressed  as 


>  (2.2*a) 


where 


r  I  r  ££g  7  are  the  values  derived  without  intor- 
j  L dffilj  Terence  effects 
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Yj  is  a  factor  which  depends  on  the  strut  thickness, 
foil  span  and  spanwis#  location  of  the  strut.  This 
is  given  by 

7  =  s-sVb  ['" (a/b^] 

is  the  maximum  strut  thickness  to  foil  span  ratio 
is  the  strut  location  ratio,  as  given  above. 

The  above  relationships  are  given  for  each  strut  on  the  upper 
surface  of  a  foil,  where  the  junction  is  well -filleted,  and  as  such 
agrees  well  with  experimental  data.  For  other  conditions,  the  value 
of  Yj  given  above  oust  be  nultiplied  byt 

(a)  the  number  of  struts 

(b)  1/2  -  for  lower  surface  struts 

(c)  2  -  for  unfilleted  junctions 


It  should  be  noted  that  the  above  relationship  represent* 
the  Interference  effect  of  a  foil -strut  junction  as  a 
function  of  lift  (or  angle  of  attack).  It  is  not  known 
exactly  whether  this  effect  is  induced  or  parasitic  in 
nature)  for  convenience  it  is  represented  herein  as 
induced.  The  interference  effect  at  sero  lift  is  essentially 
parasitic  and  is  given  in  Chapter  l. 


The  induced  interference  effects  of  nacelles  are  nore  difficult  te 

evaluate,  being  sensitive  to  nacelle  slse  and  position.  Theoretical 
12  Id 

investigations  *  indicate  that  the  effects  of  superimposed 
nacelles  of  null  extent  on  the  induced  characteristics  of  wings  are 
null.  Test  data3-?  on  wing-fuselage  intersections  indicates  that  v 
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an  increase  in  induced  drag  is  accompanied  by  an  increase  in  lift, 
both  effects  being  minimized  by  appropriate  fairings  at  the  junctions. 
Therefore,  in  the  absence  of  specific  test  data  for  considered  foil- 
nacelle  configurations,  the  interference  effeot  of  nacelles  may  be 
neglected. 
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DESIGN  EXAMPLE  NO.  2.3 


Determine  the  k  factor  for  the  following 

FOIL- STRUT -NACELLE  CONFIGURATION 


.SURBififi. 


— o 


JL 


2.  S' 


- _ Ifll 


BIPLANE  FACTOR 

From  Figure  2.7;  «  1.42  (at  Vb«<U25) 

END -PLATE  EFFECTIVENESS 

Struts  -  Tl*e  strut  effective  KetgW  is  2.5  *  L£.  •  1.875 

Nacellse 

Assume  an  effective  nacelle  linjth  of  315  Ft.  Then 
tke  affective  beigKts  are 

•  0.5  (3.S -l.s)/2  •  OSO  (JkJudttny  rfret  cktrJ) 

^  •  1.0  »  3.5/2  -1.75 

Then,  from  equation  (2.25) 

(Hr 

TCTAL  K  FACTOR 

From  Equation  (2.26) 

^  ***  (j  ♦<’0.6*  i.||T  » «  a»»»  »l]  *  t.vii 
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5«  Effects  of  Planform,  Sweep  and  Dihedral 
Effects  of  Planfora 

Corrections  to  the  induced  angle  and  induced  drag  for  a  wing  not 
having  elliptical  lift  distribution  have  been  indicated  in  Chapter  1. 
The  corrective  factors  are  (I *T)  and  (»+•£)  respectively,  T  and  f 
being  derived  from  the  methods  indicated. 

In  the  presence  of  a  free  surface  or  in  an  equivalent  biplane, 
the  value  of  the  planform  corrections  and  their  relationship  to  the 
biplane  factor  are  not  exactly  known.  Glauert  proposed  that  T  and  - 
S  derived  for  the  monoplane  be  added  directly  to  the  biplane  factor 
to  give  combined  factors  ("f*  K)  and  (/+■<)  .  it  appears  more  con¬ 
venient  to  apply  each  factor  independently,  so  that  the  combined 
factors  are 

K(h-T)  and  K(l  +  J) 

with  little  loss  in  accuracy.  This  latter  method  is  used  herein,  as 
indicated  in  equations  (2.16)  and  (2.17)  above. 

In  regard  to  the  wavs  induoed  effects,  it  has  been  shown  by 
Breslin®  that  uniform  lift  distribution  results  in  less  wave  effects 
than  elliptical  distribution.  Depending  therefore  on  the  relative 
magnitude  of  airfoil  effects  and  wave  effects,  the  optianm  planfora 
is  probably  somewhat  between  the  elliptioal  and  rectangular.  However, 
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the  difference  is  small  at  high  Froude  numbers,  and  in  view  of  the 
empirical  correction  already  applied  to  the  wave  effects  of  a  finite 
foil,  equations  (2.18)  and  (2.19),  the  effect  of  planform  maybe  dis 
regarded  in  numerical  computations  of  wave  effects. 


Effects  of  Sweep 


As  shown  in  Chapter  1,  the  effect  of  sweep  may  be  expressed  as 


css  A 


(st).  * 


(2.27) 


where  A 


is  the  angle  of  sweep 


'*  I  is  the  section  lift  angle,  a  function  of 
the  lifting  vortex 

( 4&\  is  the  induced  lift  angle,  a  function  of 
'dCji  the  trailing  vortices. 


It  is  a  factor,  determined  from  specific  test  data. 


It  was  also  shown  that  it  *  '/cm  A  generally,  and  so  in  the 
absence  of  specific  test  data, 

(2.28) 

JlCqa  ,  i  -  dC 'o 
d  (Cl')  d(€?) 

where  / J  and  dC'i:  are  the  complete  airfoil  functions 
•’  dK.1)  in  the  absenc*  of  sweep. 
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For  deeply  submerged  hydrofoils,  the  above  relationships  can  be 

used,  substituting  the  appropriate  values  of  )  and  given 

\dCL/c,  d(G.1) 

in  equations  (2.16)  and  (2.17)  for  the  airfoil  effects.  The  wave 
effects  are  unchanged,  the  average  submergence  of  the  swept  foil  being 
used  in  equations  (2.18)  and  (2.19). 


However,  at  small  submergence,  the  above  relationships  are  not  ex¬ 
pected  to  be  accurate  when  large  angle  of  sweep  ere  employed.  The 
biplane  effect  derived  from  the  relatively  simple  lifting  line  theory 
is  considered  inadequate  to  show  the  influence  of  the  swept  geometry 
and  the  variation  in  submergence  (between  the  midspan  and  tip  of  the 
foil  at  angles  of  attack). 


The  wave  Induced  effects  would  also  be  modified  by  these  factors,  con¬ 
sidering  the  interference  in  the  waves  generated  along  the  span. 

It  is  therefore  necessary  to  obtain  test  data  on  hydrofoils  of 
large  sweep  and  low  submergences  before  accurate  characteristics  can 
be  determined. 


Effects  of  Dihedral 

The  effects  of  dihedral  on  a  fully  submerged  foil  can  be  estimated 
from  the  two  established  conditions  for  which  the  foil  properties  are 
known.  Thus,  as  indicated  in  Chapter  1,  dihedral  dees  not  affect  the 
induced  characteristics  for  a  foil  in  infinite  fluid $  while  for  a  foil 
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with  the  tips  touching  the  surface 
(surface-piercing  foil),  the  in¬ 
duced  effects  are  equivalent  to 
those  of  a  foil  with  end  struts 
(boxplane  condition)  at  the  sub¬ 
mergence  k  *  ,  as  is 

shown  in  Chapter  3  following. 


The  effects  of  dihedral  for  any  submergence  can  then  be 
estimated  from  the  following 


K.  •  JLtM 

i  ♦  Vb 


(2.2?) 


where  /*  is  the  dihedral  angle 


Vb  is  the  tip  submergence/foil  span  ratio 


Vb 

Kb 


is  the  average  foil  submergence  ratio, 


is  the  biplane  coefficient  (as  may  be  modified  by 
other  factors  given  previously)  for  the  average 
submergence  ratio, 


It  is  seen  that  at  large  values  of  'Wb,  K.  approaches  1.0. 
At  h‘/b  .  0  (surface-piercing  foil),  Kp  is  equal  to  the  boxplane 

effect  given  in  equation  (2.23)  for  a  submergence  of  b  f  , 

4 

As  indicated  in  Chapter  1,  the  effect  of  dihedral  modifies  the 
foil  section  angle  by  the  facto*-  Yco$r  »  The  total  effect  of 
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dihedral  on  the  airfoil  lift  angle  can  then  be  written 


fdsL  J 

I  _i_ 

+  (d*\ 

(dcJr 

[dq.i  “>sr 

UcL  4 

(I  -  Vb). 


(2.30) 


where  /  | 

l  **Lh 


and) 


are  the  lift  angles  for  the  foil  without 
dihedral  (at  the  mean  submergence 


h  *  feip-f  ) 


0 C  is  the  foil  angle  measured  at  the  foil 

midspan  in  the  vertical  plane. 


The  wave  effects  can  be  estimated  by  using  the  submergence 


Uyf 


in  equations  (2,l8)  and  (2.19). 
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DESIGN  EXAMPLE  NO.  2.4 


8M  I  OF  I 


DETERMINE  THE  K  FACTOR  FOR  A  SUBMERGED 
FOIL  HAVING  SWEEP  AND  DIHEDRAL 


DIHEDRAL ,  P  •  15° 
SWEEP ,  A  •  SO* 
FOIL  CHORO  *  2  FT. 
STRUT  CHORO  »  2  FT. 
TIP  SUBMERGENCE*  2 .8  FT. 


On-iepgAi  Effect 

Fr«m  Ecjun.+ipn  (T. M) 

yb  _  b t/b  ♦  (f«*»  n/4  1 =  o.itst 

Fujur*  2.T 

«  \.'lo 


Then 


K_  ,  |.2o  «  1-137 


5w«r  Effect 

From  E<jv«fi«n  f***8),  taking  <7*  mi  the  necettery 

K/vn  s'  ^p/cas  30*  1  L3I3 

Stout  Effgct 

svtne  *  end 'plate*  effect  if  achieved  by  Jihed%),aiah*v^ 
the  actual  stret  leafth  leased  fm  steed  at  average  sabmerf ease) 
Thent  a  2.5  4 1. 5  +<m  <5*  T  o.?4 

Total  K  Facto* 

*  1,9,3 

* 
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6.  Foils  of  Small  Aspect  Ratio 


For  hydrofoils  of  small  aspect  ratio  operating  at  a  greater 
submergence  than  1  chord  or  1  span  (whichever  foil  dimension  is 
larger),  the  airfoil  formulas  for  lift  and  drag  given  in  Chapter  1 
should  apply. 

At  smaller  submergences,  the  biplane  images  will  have  an  effect 
as  heretofore  shown,  with  several 
important  distinctions.  As  in¬ 
dicated  in  Figure  2.13,  the  bound 
vortex  Image  acts  on  the  foil  at 
a  point  c/i£  behind  the  lifting 
vortex  (as  suggested  by  DeYoung 
and  Harper1^) .  Also,  since  angles 
of  attack  tend  to  be  large  for 
small  aspect  ratio  foils,  this 

must  be  considered  in  determining  xx.  and  tir  ,  as  shown.  Thus,  the 
image  effects  are  not  linear  and  mu3t  be  determined  for  each 
individual  case. 


BOUND  VORTEX  IMAGE  EXPECT 
SMALL  ASPECT  RATIO  POIL 


FIGURE  2.13 


Generally,  the  expression  for  the  lift  would  have  the  following 

form: 


S»n«C  +  2  sm1*  cos  °c 


J 


(2.31) 
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where  $(■&)  and  f(ur)  must  be  determined. 

Since  foils  of  small  aspect  ratio  are  not  considered  of  general 
or  important  application  in  hydrofoil  craft,  the  above  factor's  have 
not  been  evaluated.  Tests^0  have  been  conducted  on  foils  of  A  ■  l/h 
and  A  ■  1.0  at  various  small  submergences  and  the  data  cau  be  utilised 
directly  in  estimating  the  lift,  drag  and  pitching  moment  character¬ 
istics  of  similar  foils. 
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7 *  Pitching  Moment  Characteristic s 

For  deeply  submerged  foils,  the  pitching  moment  characteristics  • 
given  in  Chapter  1  for  airfoils  may  be  used  without  serious  error. 

Thus,  the  pitching  moment  and  the  aerodynamic  center  can  be  determined 
.from  airfoil  section  characteristics  (either  theoretical  or 
experimental)  and  applied  over  the  foil  when  the  "equivalent  wing" 
lift  distribution  is  ascertained. 

For  foils  of  shallow  submergence  (one  chord  or  less),  the  pitoh- 
ing  moment  characteristics  are  expected  to  be  affected  by  the  influence 
of  the  vortex  images,  particularly  when  the  foil  employs  large  angles 
of  sweep  and  dihedral.  It  is  considered  necessary  to  run  tank  tests 
on  the  configuration  when  accurate  pitching  moment  characteristics  sure 
required  (particularly  in  cases  where  controllable  foils  are  employed, 
pivoting  around  some  given  axis). 

For  pi  lirainary  purposes  and  where  simple  planforms  are  employed, 
the  pitching  moment  characteristics  can  be  estimated  from  the  following 
considerations. 

The  biplane  image  of  the  lifting  vortex  has  been  shown  to  cause 
an  increase  in  section  lift  angle j  or,  inversely,  it  causes  a  decrease 
in  section  lift  at  a  given  angle  of  attack.  This  is  due  to  the 
curvature  of  the  fluid  flow  at  the  foil,  which  may  be  considered 
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equivalent  to  a  reduction  in  effective  foil  camber.  Thus,  there  is 
an  increment  of  lift  acting  downward  at  the  mid-chord  position.  This 
increment  of  lift  can  be  shown  to  be 


AC, 


-  .  AoC# 

-  ZZ  .]L  .cL 
B  eVc 


J  (2.32) 


where  4Si  the  lift  slope  of  the  foil  in  infinite  fluid 

is  the  increase  in  section  lift  angle  due  to  the 
vortex  image 

XL  is  given  in  Figure  2.5. 


For  foils  of  large  aspect  ratio  10  ,  the  two-dimensional  value 
of  XL  can  be  used  without  serious  error  (see  equation  2.13),  and 
equation  (2.32)  reduces  to 


CL 

[(4h/c)'+*3 


(2.33) 
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The  forces  on  the  foil  can 
then  be  represented  as  shown  in 
Figure  2,lh.  and  the  a.c. 

position  in  infinite  fluid,  and 
can  be  found  as  indicated  in 
Chapter  1.  Tha  total  foil  pitch¬ 
ing  moment  characteristics  can 
then  readily  be  determined. 


It  is  seen  that  the  value  of  Increases  with  decrease 

of  submergence,  and  the  center  of  pressure  correspondingly  moves 
forward  towards  the  leading  edge.  Available  test  data^®  on  the 
center  of  pressure  of  hydrofoils  shows  qualitative  agreement  with 
the  relationships  given  above. 
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Summary  of  Submerged  Foil  Characteristics 
Angle  of  Attack 

The  basic  equation  for  the  Mlift  angle"  (inverse  lift  curve 
slope)  is 


dCL 


v. 


a  (I*1UCl)[(zv*SL) 


*  (&k  ♦  Oil 

V  ^  tyrt 

j — -  «.  (!♦£*  +yc:  *  )/kL-ol 

cet/^cnP  KA  t'  \  /I  b  J 


(2.3U) 


from  which 


flC-oCto  =  0*UCu)CL  [  54wie  J 


(2.35) 


is  the  foil  section  lift  angle,  a  function  of  the 
lifting  vortex  and  its  biplane  image 

is  the  airfoil  induced  lift  angle,  a  function  of 
the  trailing  vortices  and  their  biplane  images 

is  the  wave  induced  lift  angle,  a  function  of  the 
gravity  image  system 

is  the  angle  of  zero  lift,  measured  in  the  same 
plane  as  .  The  section  angle  of  zero  lift 
must  be  corrected*  of,  iQi 

to  *  *■%  C0t  p 


CONFIDENTIAL 


CONFIDENTIAL 


SUBMERGED  FOILS 


Drag  Due  to  Lift 

The  "induced”  drag  is  given  by 

%  <LCoc 

d(c')  d(ct) 

r  i 


and 


[  »«"0  (2‘37) 

where  ^  ie  the  airfoil  induced  drag  (as  a  function  of  lift) 
dft*) 

dC^  is  the  wave  induced  drag  (as  a  function  of  lift) 

2(0 

Factors 


The  various  factors  in  equations  (2.3k)  to  (2.37)  which  have  to  be 
evaluated  on  the  basis  of  given  foil  parameters  are  as  follows* 

u  the  term  denoting  a  reduction  in  fluid  velocity, 
given  in  Figure  2.5  as  a  function  of  Me 

E  the  lifting  surface  correction,  1  ♦  */& 

the  biplane  induced  correction  factor,  given  in 
Figure  2.7  as  a  function  of  h/b 

K  the  generalized  biplane  Induced  factor,  which  is  derived 
from  the  biplane  factor  corrected  for  various  configuration 
effects.  Thus 

K  *  *4  /  *4*4  "" 


dC& w 
d(Ci') 

A(££>b-')J 


(2.36) 
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where  is  the  strut  or  end  plate  factor  such 

as  in  equation  (2.26) 

is  the  sweep  factor  */Jr**A  i  equation 
(2.28)  or  as  derived  experimentally 

is  the  dihedral  factor  given  in  equation  (2.29) 

other  factors  as  may  be  required. 

F*,  submergence  Froude  number,  v/qK 

)  the  wavs  factor  given  in  Figure  2.6  as  a  function  of 
2IJ,*  ' 

Y\  £  the  planform  correction  factors,  from  Chapter  1. 


Foils  of  Small  Aspect  Ratio  (A  ^  2.0) 


The  following  must  be  used  for  foils  of  aspect  ratio  lass 
than  2.0t 


I 


"L  6.  *  -L- 
*T  if  A 


*w>«c  +  Z  s mV  c«5oc 


where  E  is  given  in  Figure  1,10  of  Chapter  1. 


(2.38) 

(2.39) 


Equations  (2.37)  and  (2.38)  are  taken  from  Chapter  1,  and  are 
applicable  for  h/b  >i.o<  *Vc  .  For  smaller  submergences, 
surface  effects  must  be  included  as  indicated  previously  in 
this  chapter. 
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Pitching  Moment  Characteristics 

For  foils  of  )  1.0,  the  pitching  moment  may  be  determined  as 
In  Chapter  1  for  airfoils.  At  smaller  submergences,  a  correction  must 
be  applied  as  indicated  in  this  chapter. 
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CHAPTER  3.  3DRFACE-PISRCINQ  FOIL  CHARACTERISTICS 

1.  General  Consideration* 

2.  Characteristics  Prior  to  Ventilation 

3.  Ventilatod  Charaotoristlos 
k*  Design  Considerations 


Formulae  are  glren  for  the  lift  and  drag  shares teristies  of 
surfaoo-plereing  foils  in  non-rentilateu  and  rent ilated  oonditions 
These  fomalas  are  based  on  a  limited  series  of  tests  and  are 
eonsidered  primarily  applicable  only  to  foile  haring  similar 
geometry  **»d  operating  under  similar  conditions  as  thoso  tested* 
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1*  General  Conaiderations 

Foil  Geometry  and  Notation 

The  characteristics  of  a  surface-piercing  foil  are  referred  to 
the  projected  dimensions  of  the  submerged  foil  area  as  indicated  in 
Figure  3.1,  and  all  lift  and  drag  formulas  can  be  referred  to  these 
dimensions,  after  appropriate  corrections. 


The  specific  notation  for  surface-piercing  foils  is  as  follows} 

b  the  projected  span  of  the  submerged  foil  (the 
horizontal  distance  between  foil  tips) 

C  the  foil  chord 

r  the  dihedral  angle 

cC  angle  of  attack,  measured  in  the  vertical  plane 

f/e  camber  ratio,  measured  on  the  actual  foil  section 
(in  the  plane  normal  to  the  quarter-chord  line) 

A  the  projected  aspect  ratio  (b/c  for  a  rectangular  foil) 
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Sp  tne  projected  foil  area  (be  for  a  rectangular  foil) 
s/sp  the  ratio  of  actual  foil  area  to  projected  foil  area. 

Statue  of  Existing  Information 

Available  information  on  the  hydrodynamic  characteristics  of 
surface  -piercing  foils  is  limited  to  preliminary  theoretical  in¬ 
vestigations1  and  several  sets  of  tests  on  specific  configura- 
tiona^^k.  Neither  the  theory  nor  the  test  data  is  sufficient  to 
allow  accurate  prediction  of  the  hydrodynamic  characteristics  cover¬ 
ing  the  wide  range  of  configurations  that  employ  surface-piercing 
foil  elements.  There  are  many  varieties  of  shape  as  shown  in  Figure 
3.2  and  variation  in  planform,  camber,  twist,  etc.  that  are  con¬ 
sidered  to  have  noticeable  effect  on  the  overall  foil  characteristics. 
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Sottorf's  Experiments 

Sottorf^  ran  a  series  of  tests  on  various  surface-piercing 
V-foils  and  trapezoidal  foils  of  26.5®  and  bS°  dihedral  angle,  with 
a  variety  of  sectional  shapes  (constant  along  the  span)  and  sub¬ 
mergence  over  a  range  of  angle  of  attack.  Reference  should  be  made 
to  the  original  report  for  the  complete  results  of  these  tests j 
however,  certain  representative  data  are  reproduced  herein  in 
Figures  3.3  and  3.U  to  illustrate  the  adequacy  of  the  formulas 
proposed  below. 

Application  of  Data 

The  data  and  formulas  proposed  are  considered  strictly  to  apply 
to  those  types  of  foils  tested,  although  they  may  bs  applied  generally 
in  the  absence  of  more  specific  information  for  other  types. 

At  this  stage,  it  is  recommended  that  tank  tests 
be  run  on  particular  surface-piercing  foils  con¬ 
sidered  for  use,  in  order  to  determine  more 
accurate  characteristics  over  the  range  of  speeds 
and  angles  of  attack  described. 
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ANCLE  OF  ATTACK 

SURFACE  “PIERCING  FOIL  LIFT  DATA 
FIGURE  3.3 
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2.  Characteristics  Prior  to  Ventilation 


Airfoil  Effects 

The  airfoil  induced  characteristics  of  a  surface -piercing  foil 
may  be  given  approximately  as 
those  of  an  equivalent  submerged 
foil  with  end  struts  (boxplane 
condition),  as  indicated  in 
Figure  3.i>.  The  equivalent 
wboxplane"  has  the  same  pro¬ 
jected  span  and  encloses  the 
same  water  area  within  its 
perimeter  as  the  foil  it  re¬ 
places.  Thus,  the  boxplane 
submergence  ic  the  average 
submergence  of  the  surface-piercing  foil}  for  example,  it  is  l/2  the 
maximum  submergence  of  a  V-foil  and  2/3  that  of  a  parabolic  foil. 


V-  FOIL 


ARC  FORM 

EQUIVALENT  BOX  PLANES 

FIGURE  3.5 


The  airfoil  effects  of  the  surface -piercing  foil  may  then  be 
given,  from  the  equations  in  Chapter  2  for  the  submerged  foili 


( I  *  ZlLCi)  ^Crr  * 


♦ 


(3.1) 


d  Cpi 


(3.2) 
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where  h,  la  the  average  submergence  of  the  foil 

1^  is  the  bcxplane  factor,  based  on  the  average 
submergence.  Values  are  given  in  Figure  2.7 

S/Sp  is  the  foil  area  ratio  (equivalent  tc  '/cosT 
for  a  V-foil,  where  P  is  the  dihedral  angle) 

other  notation  as  given  above  and  in  Chapter  2* 

Wave  Bffeota 

The  wave  effects  for  a  surface-pieroing  foil  may  be  estimated  to 
be  the  same  as  that  for  the  submerged  foil  at  the  equivalent  average 
submerge nee. 


where  k  is  the  average  submergence  of  the  foil 

other  notation  as  given  above  and  in  Chapter  2. 

Effects  of  Sweep 

The  effects  of  sweep  on  the  airfoil  or  wave  effects  of  a  surface- 
piercing  foil  are  not  definitely  known.  There  are  no  known  reports  in 
the  literature  dealing  with  the  thoory  or  test  results  of  surface- 
piercing  foils  employing  sweep.  Specific  tests  would  have  to  be  made, 
at  the  present  time,  to  determine  such  effects. 
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Comparison  with  Test  Data 

Comparison  is  made  between  the  test  data  on  V-foils,  given  in 
Figures  3.3  and  3.1*»  and  the  formulas  as  derived  above.  It  is  noted  that 
the  test  speeds  are  very  high  (  as  9.0),  and  therefore  the  wave 
effects,  equation  (3*2),  may  be  neglected. 

For  the  cambered  foil  tested,  the  angle  of  sero  lift  may  be 
simply  derived* 

**>••  * 

The  lift  curve  was  calculated  from  equation  (3.1)  for  the  foil 
tested,  and  the  results  are  shown  in  Figure  3.3.  Agreement  with  the 
test  data  is  seen  to  be  reasonably  good. 

However,  analysis  of  the  drag  data  given  in  Figure  3.h  indicates 
that  equation  (3.2)  holds  only  at  an  “optimum"  lift  coefficient.  Above 
and  below  this  value,  the  drag  is  noticeably  higher. 

The  theoretical  curves  shown  in  the  figure  are  derived 
by  considering  the  section  drag  coefficient  in^the  order 
of  0.01  (at  the  test  Reynolds  number  of  6  r.  ICk)  which 
leads  to  the  total  expression 

CB  a  2i£J-  ♦  (HUCtKj 

D  Ces45  TTA 

It  is  seen  that  this  is  valid  only  at  an  optimum  lift 
coefficient. 
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From  the  data  shown  in  the  figure,  it  is  seen  that  above  the  optimum 
point,  the  slope  of  the  drag  curve  is  approximately  twice  the  theoretical 
value,  while  below  the  optimum  the  slcipe  is  roughly  one -half  the 
theoretical  value.  What-  signficiance  this  relationship  has,  and  over 
what  range  of  configurations  it  can  be  applied  is  not  presently  known. 
Qualitatively,  however,  this  increase  in  drag  appears  to  be  due  to  two 
considerations  s 

(1)  The  interference  effect  at  the  surface  which  causes 
spray  and  replaces  circulatory  flow  at  the  tips  by 
less  efficient  "planing"  flow. 

(2)  The  section  pressure  drag  (see  Chapters  1  and  U). 

For  airfoil  shapes,  this  drag  increases  according 
to  the  factor  (  I  +  AC^  ),  where  ACj_  is  measured 
from  the  optimum  point.  However,  for  the  sharp 
nosed,  circular  arc  sections  at  the  low  Reynolds 
number  of  6  x  10*  employed  in  the  tests  it  is 
considered  that  the  pressure  drag  is  much  higher 
than  this  value. 

The  relative  magnitude  of  these  factors  could  be  determined  by 
further  test  data. 
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DESIGN  EXAMPLE  NO.  3.1 


SH  I  OF  I 


DETERMINE  THE  LIFT  CURVE  FOR  THE  FOLLOWING 
SURFACE -PIERCING  FOIL  (PRIOR  TO  VENTILATION) 


CHARACTERISTICS  '  P  •  SO* 

A  •  8 

RECTANGULAR  PLANFORM 
SECTION  •  10%  THICK .  ARC  FORM  WITH 
FLAT  PRESSURE  SIDE 


The  ecjuivaleni  "box -plane”  r*+io*  at-e: 

b/b  -  X  +«*  3o*  B  014-4 

h/c  =  5  »  0.144  r  orl* 

Lift  Amqle 

From  Chapters  /  anj  2  : 

XL~  0.01  (Fufure  2.4) 
1.22  (  Fiqure  Zl) 

T  «  o.t4  (ftft/re  t-B) 

£  r  /*  Vs*  r  *-°8 

Then '  using  egceu+ion  (3.0 

$  *  [  t  w  ♦*& 

=  0’3oi  ( I  ♦  O.I4Cl) 

Ami;le  Of  Zero  Lift 

*Lo  '  **;£»••*  3 

Total  Curmb1 

oC  s  -0.115  ♦  o.3oi  CL  +  o.o2|  cLl 
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3.  Ventilated  Characteristics 
Inception  o.f  Ventilation 

The  phenomenon  of  ventilation  occurs  when  air  from  the  atmosphere 
displaces  the  low  pressure  water  on  the  upper  surface  of  the  foilo 
Some  accumulation  of  boundary  layer  fluid  at  the  water  surface  is 
necessary  to  "trigger"  such  air  entrance,  which  condition  is  most 
readily  met  at  large  angles  of  attack. 

From  a  study  of  the  existing  test  data  for  surface-piercing 
foils  (and  for  vertical  struts  as  shown  in  Chapter  7)  the  inception 
of  ventilation  appears  to  be  a  local  condition,  depending  on  the  foil 
geometry  at  the  water  surface.  An  empirical  expression  has  been  found 
that  agrees  well  with  the  daua  of  Figure  3,2,  In  terras  of  the  foil 
angle  of  attack*.  oC  ,  the  inception  point  is 

ofv  *  ^  -hcnT /sm7  (3olt) 

where  /}  is  the  angle  between  the  chord  line  and  the  upper 
~  surface  of  the  foil  section  at  the  leading  edge 

r  is  the  dihedral  angle  at  the  water  surface. 

Equation  (3»U)  can  only  be  applied  when  the  speed 
of  advance  is  large  enough  for  the  foil  to  normally 
develop  sub-atmospheric  pressure  on  the  suction 
side  over  the  entire  span. 
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The  angle,  jQ  ,  is  easily 
determined  for  a  foil  with 
sharp  leading  edge,  but  has  no 
exact  definition  for  an  airfoil 
eection«  It  appears  reasonable 
to  use  the  angle  formed  by  a 
circular  arc  tangent  to  the 
section  at  the  point  of  maximum 
thickness  and  passing  through 
the  leading  edge,  as  indicated 
in  Figure  3.6. 

When  the  foil  angle  exceeds  that  given  in  equation  (3. it) 
above j  the  lift  of  the  foil  falls  off  more  or  less  rapidly  until 
the  fully  ventilated  condition  is  reached,  as  indicated  in  Figure 
3.3  (and  as  further  indicated  in  references  li  and  5)° 


MEASUREMENT  OF  ANGLE  fi 

FIGURE  3.6 


It  is  not  apparent  why,  in  some  instances,  the 
lift  falls  off  immediately  after  tfy  is  exceeded, 
whereas  in  others  the  lift  falls  off  gradually 
with  angle  of  attack.  In  the  latter  cases,  there 
is  some  evidence  of  instability  with  the  lift 
alternatively  assuming  non-ventllated  and 
ventilated  values  for  different  test  runs  under 
seemingly  identical  conditions.  Further  tests 
and  analyses  are  required  to  resolve  this 
phenomenon. 
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Lift  and  Drag  Characteristics  -  Fully  Ventilated 


The  lift  and  drag  of  a 
fully  ventilated  foil  (with 
flat,  pressure  side)  can  be 
readily  determined  by  the 
use  of  Rayleigh's  formula^ 
for  the  lift  of  a  flat  plate 
in  discontinuous  flow.  This 
formula  is  expressed  for  the 
normal  force  on  the  plate  as 

n  Z  IT  *»w«C* 

"  - - 

4  ♦I** 

which  strictly  applies  only  to  a  two-dimensional  flat  plate. 


(3.5) 


However,  since  for  a  foil  with  both  ends  piercing  the  surface 
the  actual  flow  across  the  tips  is  limited  (in  a  spanwise  direction), 
it  is  expected  that  this  formula  should  approximately  hold. 


Therefore,  referring  this  force  to  the  case  of  the  surface¬ 
piercing  V-foil,  we  get  for  small  angles 


CL  r  z  IT  « 

v  4  ♦  TT*  c«5  P 


(3.6) 


which  is  in  excellent  agreement  with  the  data  shown  in  Figure  3.3. 
The  angle  of  zero  lift  is  dependent  only  on  the  shape  of  the  lower 
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surface  of  the  foil.  In  particular,  it  is  apparently  that  angle  at 
which  the  trailing  edge  of  the  pressure  side  is  in  line  with  the  flow. 


The  drag  of  a  fully  ventilated  foil  having  a  flat  pressure  side 
is  evidently  a  simple  function  of  the  angle  of  attack.  Including 
one-half  of  the  conventional  friction  profile  drag  (since  only  the 
lower  surface  of  the  fcil  is  wetted)  the  total  drag  coefficient  for 
a  V-foil  is  then 


-  j. 

■  Iwf 


■*  C(.va  co»r 


(3.7) 


where  is  the  basic  section  drag  coefficient 

(see  Chapter  k) 

Cj.v  is  the  lift  coefficient  of  equation  (3.6). 


Notes  Wave  drag  considerations  have  not  been  included  in  the 
fully  ventilated  condition.  In  practical  applications, 
such  ventilation  is  expected  to  occur  only  at  high 
speeds  where  the  wave  drag  is  negligible.  Where  con¬ 
sidered  to  be  a  factor,  the  wave  effects  may  be 
calculated  in  accordance  with  equation  (3.3)  given 
for  the  non-ventilated  condition. 
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DESIGN  EXAMPLE  NO.  3.2 


ESTIMATE  THE  VENTILATING  CHARACTERISTICS 
OF  THE  FOLLOWING  SURFACE  -  PIERCING  FOIL 


P  =  30° 

A  5  5 

10%  THICK,  ARCFORM  SECTION 
WITH  FLAT  PRESSURE  SIDE 


Inception  of  Ventilation 


AS  IN  EXAMPLE  3.1 


For  the  section  employed! ,  /3  *  0.385  r«.Ji*ns  (2.2  J£*«pp***) 
From  Ejection  (3.4.) 

°<v  *  0.385  x  O.S77~fc.SOO  s  o.lS?  raJians 
'  <1.0* 


From  E  <ju<xt  ion  ( 3,  6) 


C  *  ^  **  **  co*  30* 

*" v  4  -*■  1*  <  cos  3C* 


.  3.62  *< 

4  H.8I* 
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1*.  Design  Considerations 

The  various  correction  factors  for  struts,1  planform,  etc.  can  be 
applied  to  the  airfoil  effects  of  a  surface-piercing  foil  in  a  manner 
similar  to  that  for  a  fully  submerged  foil,  the  principles  of  which 
are  given  in  Chapter  2. 

However,  it  is  necessary  to  re -emphasize  that  the  formula*  given 
herein  for  the  surface-piercing  foil  are  tentative,  being  based  on  a 
minimum  of  test  data  and  theoretical  Investigation,  and  should  be 
checked  by  tank  tests  where  the  configuration  is  different  from  those 
on  which  the  formulas  are  based. 
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CHAPTER  U.  FOir,  PjUSITE  PRIG 

lw  Basic  Foil  iSotf^ioa  Drag 
2.  Effect  of  Sitxl  ^e  Roughness 
3*  Drag  of  Saa3 1  f rojeetlona 
h*  Interference  "Cfecte 


The  basic  laminar  and  tartwlc^c  friction  coefficients  are  given,* 
Tilth  a  proposed  transition  curve  t'/  hydrofoil  application*  Fomilas 
are  given  for  the  effect  of  foil  wrtion  share  and  attitude*  Bou^h- 
ness  effects  ai»  discussed  and  a  iVilrjdard  friction  drag  formiia  pro¬ 
posed  for  design  use*  The  efi\wtr'  ^varioiv.  foil  protuberances  are 
given*  s?'.  ■ 
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1»  Baalc  Foil  Se  fcion  Drag 
Friction  Drag 

A  body  travelling  in  a  viscous  fluid  experiences  a  friction  drag, 
■which  is  the  result  of  shear  forces  between  the  fluid  attached  to  the 
body  and  that  moving  past  the  body.  There  are  three  distinct  regimes 
of  fluid  flew  past  the  bodyj  laminar,  turbulent  (where  a  thin  laminar 
sublayer  remains),  and  a  transitional  region  where  the  fluid  flow  is 
partly  laminar  and  partly  turbulent.  The  state  of  the  fluid  flow  and 
the  resultant  value  of  the  friction  drag  are  primarily  functions  of 
the  Reynold*!  numbers 

R.  =  (U.i) 

where  V  is  the  fluid  speed  (ft/sec) 

SL  is  the  length  of  the  body  (ft) 

V  is  the  kinematic  viscosity  of  the  fluid  (ft2/ sec) 

The  transitional  flow  also  depends  on  the  initial  state  of  the  free 
fluid  ( whether  quiescent  or  turbulent  due  to  outside  influences)  and 
on  the  shape*  and  roughness  of  the  body. 

The  basdc  friction  drag  functions  of  a  flat,  smooth  plate  parallel 
to  the  flow  are  shown  in  Figure  U.I,  in  terras  of  Reynolds  number.  The 
friction  dreg  coefficient  is  based  on  total  wetted  area. 
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The  laminar  function  is  that  derived  by  Blasius^-: 

-  '-^Vrs:  u-2) 

and  the  turbulent  function  is  that  proposed  by  Schoenherr^  (and  is 
currently  used  as  a  standard  in  the  marine  industry) : 

LoS>c  (*  C/M)) 


a.  2.42  = 

Cf(turb.) 

Based  on  water  tank  tests  in  which  the  fluid  was  in  a  very 
quiescent  state,  Prandtl^  proposed  the  transitional  formula  shown: 


(U.3) 


Cf(+r*.m)  ~  Cffb/rb)  ' 


-  (TOO 

R 


(k.h) 


The  laminar  and  turbulent  functions  given  above  have  largely  been 
verified  by  experiment,  but  the  transitional  regime  is  subject  to 
modification  depending  on  various  conditions.  Thus,  the  transition 
occurs  at  lower  Reynolds  numbers  when  the  fluid  is  not  "quiescent"  or 
when  some  obstruction  or  roughness  particle  on  the  body  "triggers" 
turbulence  in  the  fluid.  These  are  the  conditions  normally  to  be  ex¬ 
pected  of  hydrofoils  operating  in  open  waters,  and  for  this  application 
the  following  formula  is  proposed 


*  Cj( turb) 


IOOO 

R. 


(U.5) 


Airfoil  drag  data  should  not  be  used  to  determine  the 
minimum  value  of  the  parasite  drag  of  a  hydrofoil  section. 
Airfoil  tests  are  conducted  in  "low  turbulence"  wind 
tunnels  with  very  smooth  models,  usually  designed  to  delay 
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turbulence.,  Transition  occurs  at  higher  Reynolds  numbers 
and  in  the  region  where  airfoil  tests  are  generally  con¬ 
ducted,  so  that  the  drag  is  much  lower  than  experienced 
on  hydrofoils,  (Useful  information  can  be  derived  from 
airfoil  data  on  the  effect  of  shape,  angle  of  attack  and 
roughness,  however.  This  will  be  discussed  below.) 


Schoenherr  Coefficients 

Equation  (It. 3)  denotes  the  formula  for  friction  drag  coefficient 
proposed  by  Schoenherr,  based  on  total  wetted  area.  Values  have  been 
tabulated  in  reference  3  for  Reynolds  numbers  between  lO'’  and  1010. 

For  hydrofoil  operations,  the  range  is  generally  between  10^  and  10®, 
for  which  the  following  approximation  can  be  used  for  rapid  estimation  t 

ty(+urb)  ’  0.04-4  %  Z  (lt.6) 


Pressure  Drag  and  Increase  of  Friction  Drag  - 
As  a  Function  of  Foil  Shape  and  Angle  of  Attack 

For  bodies  that  have  considerable  thickness  and/or  are  set  at 
some  angle  to  the  flow,  the  friction  drag  is  increased  due  to  the 
higher  fluid  velocities  set  up  around  the  body  (for  foils  there  is  a 
small  additional  factor  due  to  the  fact  that  foil  drag  is  referred  to 
projected  area.  Instead  of  developed  area).  Also,  due  to  fluid 
velocity,  pressure  is  lost  at  the  rear  of  the  body  setting  up  a 
pressure  differential  or  drag  (identified  in  marine  terminology  as 
eddy-making  resistance). 
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These  factors  are  independent  of  each  other,  although  both  are 
dependent  on  the  fluid  viscosity,  and  can  be  separately  considered  and 
evaluated  (see  Hoerner^).  However,  N.A.C.A.-'’  test  data  indicates  that 
an  approximate  function  exists  for  the  total  effect  of  foil  thickness 
on  parasite  drags 

-$£.♦. ortefj  cu.7) 


The  variation  of  foil  section  drag  with  angle  of  attack  can  also 
be  indicated.  This  is  usually  referred  to  lift  coefficient  instead  of 
angle  of  attack  for  convenience.  From  the  N.A.C.A.  data,  it  can  be 
seen  that  the  drag  varies  approximately  as 

Q  =  Qm„,  ['  *  <h-s> 

where  AQ  is  measured  from  ^  at  which  the  drag  is  a  minimum. 
The  actual  variation  for  a  particular  foil  section  can  be  more 
accurately  determined  from  the  data,  which  should  be  used  when  the 
variation  in  is  large. 

Proposed  Formula 

# 

The  basic  foil  parasite  drag  is  then  the  sum  of  the  various 
friction  and  viscous  pressure  drag  components  for  a  smooth  foil.  For 
detailed  investigations,  the  variation  in  lift  coefficient  along  the 
span  must  be  considered  when  applying  equation  (iu8),  but  it  is 
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sufficiently  accurate  for  most  purposes  to  assume  a  constant  lift 
coefficient  along  the  span  in  determining  the  parasite  drag  of  the 
foil.  Thus,  for  the  whole  foils 


C%  *  ICj.  O  iofl0*J[i*<'ACt)*J 


(iu« 


where  Cd0 

9 


is  the  basic  foil  parasite  drag  coefficient 

is  the  flat  plate  friction  coefficient  based 
on  total  wetted  surface 


t/z  is  the  foil  thickness  ratio 

AC|_  is  the  difference  in  Cl  from  ^L(opi) 
at  which  Ct>0  is  a  minimum.  “ 
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2.  Effect  of  Surface  Roughness 

General  Roughness  Considerations 

Surface  roughness  in  the  form  of  foreign  particles,  surface 
irregularities,  marine  growth,  structural  joints,  paint  pigment,  etc.  5 

has  a  two-fold  effect  on  the  parasite  drag  of  the  foil: 

(a)  It  causes  the  transition  to  turbulent  flow  to  occur  at 
lower  Reynolds  numbers  than  for  a  smooth  foil. 

(b)  It  increases  the  parasite  drag  to  some  value  higher  than 

that  indicated  by  the  standard  turbulent  function.  j 

j 

The  degree  to  which  each  of  these  effects  occurs  depends  on  the  sise  of 
the  roughness  particles  and  their  distribution  along  the  surface  of  the 
foil. 

i 

j 

Despite  the  attention  that  this  subject  has  received  in  both  the  j 

I 

marine  and  aircraft  field,  there  have  been  no  satisfactory,  comprehensive  j 

I 

I 

methods  arrived  at,  either  to  determine  fully  the  effect  of  specified  i 
roughness  or  to  estimate  the  roughness  likely  to  be  encountered  in 

l 

service.  | 

i 

The  general  concept  of  the  effect  of  roughness  may  be  outlined  I 

I 

briefly.  Within  the  laminar  portion  of  the  fluid  boundary  layer  around  I 
a  body,  roughness  particles  have  little  effect.  It  is  only  when  the  j 

j 

I 
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particles  are  of  such  size  as  to  emerge  from  this  layer  that  their 
effect  is  felt. 

In  the  range  where  laminar  flow  normally  occurs  for  smooth  bodies, 
nominal  roughness  has  little  effect  since  the  boundary  layer  is  fully 
laminar.  When  the  roughness  particles  are  located  at  the  leading  edge 
of  the  body  and  pierce  the  relatively  thin  layer  at  that  point, 
turbulent  flow  is  precipitated.  This  results  in  premature  transition 
as  mentioned  above  (and  depending  on  the  roughness  of  the  rest  of  the 
surface,  would  further  result  iu  the  turbulent  condition  described 
below) . 

In  turbulent  flow,  the  laminar  sub-layer  is  relatively  small 
compared  to  the  turbulent  layer,  and  the  flow  is  sensitive  to  rough¬ 
ness  particles  of  exceedingly  small  magnitude.  Furthermore,  since  the 
laminar  sub-layer  is  nearly  constant  in  thickness  along  the  length  of 
the  body  for  a  given  speed,  the  "critical"  grain  size  (when  the  grains 
pierce  the  sub-layer  boundary)  is  essentially  a  function  of  speed. 

This  is  indicated  by  the  test  results  on  rough  surfaces,  as  shown  in 
Figure  u.2,  wherein  it  is  noted  that  the  "critical"  points  at  which 
the  drag  deviates  from  the  standard  turbulent  function  vary  approxi¬ 
mately  as  the  Reynolds  number  of  the  grain  size. 
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/ 


From  the  figure,  the  following  approximate  relationships  are 
derived  for  a  fully  rough  surface: 


*  00Sl 


(i.lO) 


which  is  valid  when  the  grain  size  is  above  the  critical  (in  sea 
water): 


*<«„<>  = 

V 


£0*10“*  (tMltstf) 

VK 


(U*u) 


gpffFIDENTIAL 


II  -  k.10 


CONFIDENTIAL 


FOIL  PARASITE  DRAG 


Values  of  are  given  in 

Figure  U.3.  These  relation¬ 
ships  apply  primarily  for 
"sand-grain"  roughnesses 
(which  are  spherical  in  shape) 
and  which  are  applied  over  the 
entire  surface. 


5x10*  5 

K  '°~a 
ner 

(inches) 

5xlO*4 

-\ 
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OR  FUL 
SURFAC 

RAIN 

LY 

ES 

V 

i 

_ 

_ l_ 

> 

10  20  so  <0  50  40 

Vk  (knots) 
FIGURE  4.3 

Effect  of  Roughness  Distribution  and  Shape 

The  above  relationships  do  not  necessarily  apply  when  the 
roughness  particles  are  more  thinly  spread  over  the  surface,. 
Hoerner^*^  indicates  that  the  drag  coefficient  actually  increases 
(for  sand-grain  particles)  as  the  grains  are  slightly  separated, 
presumably  due  to  further  agitation  of  the  fluid.  As  the  grains 
are  spread  further  and  further,  however,  the  drag  increment  due  to 
roughness  decreases  and  the  slope  of  the  curve  also  decreases  from 
the  constant  value  at  1003s  concentration  to  the  basic  turbulent 
curve  at  smooth  condition,  as  indicated  qualitatively  in 
Figure  iui*. 


(. 
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For  surface  roughness  composed  of  flatter  particles  (such  as 
hemispherical  shapes)  the  drag  generally  decreases  with  spreading 
out  of  the  grains  throughout  the  entire  range,  with  ho  initial 
tendency  to  increase  as  in  the  case  of  spherical  grains. 

Proposed  Standard  Roughness  Condition 

As  stated  above,  there  is  insufficient  knowledge  of  roughness 
to  prescribe  exact  design  data  and  procedure  to  account  for  this 
effect.  However,  It  is  necessary  to  apply  some  roughness  factor  in 
a  practical  case,  and  the  following  is  proposed  as  a  standard. 

The  standard  roughness  procedure  applied  in  airfoil  tests  by 
N.A.C.A.^  is  to  use  spherical  grains  of  0.011M  diameter  over  a  snail 
area  near  the  leading  edge  of  a  2/4"  chord  foil,  at  a  test  Reynolds 
number  et  6  x  10^.  The  minimum  parasite  drag  coefficient  at  zero 
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foil  thickness  is  found  to  be  approximately  0.008  for  all  tests 
(based  on  1/2  wetted  area).  The  critical  Reynolds  number  (at  which 
the  drag  curve  departs  .trnm  the  basic  drag  curve)  can  then  be  found 
from  equations  (It.  3)  and  (U.10)  to  be 

R(«,d  =  *«'®' 

Then,  the  assumed  drag  function  for  this  case  is  a  curve  between  the 
critical  point  and  the  tested  minimum  coefficient  at  6  x  10^» 

Assuming  this  function  to  be  a  straight  line  (on  log-log  coordinates), 
we  get  the  recommended  coefficient: 

I 

ct(%w  ~  o  oz*  R-'5  U.i2) 

as  shown  in  Figure  k.$. 
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Then  the  parasite  drag  coefficient  of  the  foil  in  standard 
roughness  condition  takes  the  fora  of  that  for  the  smooth!  condition, 
equation  (U.9)  with  the  roughness  value  substituted: 

CD*(stcl)=  ZCfipU)  L'  +  ,0(%/JC l+(ACi.)XJ  (U.13) 


with  notation  as  before.  For  a  chosen  foil  section,  the  actual 
variation  with  C|_  can  be  determined  directly  from  the  available 
airfoil  data,  instead  of  as  given  above,  for  greater  accuracy. 


It  should  be  noted  that  the  service  roughness  coefficient 
recommended  for  surface  ships  is  a  constant  value  bC/  ■ 
O.OOOlt  added  to  the  smooth  turbulent  valued..  Tfaa  proposed 
coefficient  equation  (it. 12)  results  in  a  maximum  aC/  ss 
0.0008,  or  twice  the  service  roughness  value  for  ships. 
This  is  considered  reasonable  because  of  the  sensitivity 
of  bodies  of  small  length  and  high  speeds  to  roughness 
particles  of  small  size. 
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DESIGN  EXAMPLE  NO.  4.1  |-»» 

DETERMINE  THE  PARASITE  DRAG  COEFFICIENT 
OF  THE  FOLLOWING  FOIL 

FOIL  CHARACTERISTICS*  12%  AIRFOIL  SECTION  WITH 

3%  MEAN  CAMBER  -24"  CHORD 

OPERATING  CHARACTERISTICS*  SPEED* 40  KNOTS 

C\.  »  0.25 


For  sea  water  at  59°  F  (standard  condition),  v*\ .28 x  10" 9 

R  »-  s  (.056  *  107 

Then,  from  equation  (4. 12) 

cf(std)  si^mfwrr  0,0037 

Cl  opt  =  4  IT  *  .03  *  0.977  (from  Chapter  l) 

Then  ACL  *  0.977-0.25*0.177 

Then,  from  equation  (4.13),  the  parasite  drag 
coefficient  is 

cOo(*M)  *  1  *  00037  [>♦ 

«  0.0086 
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3.  Drag  of  Small  Projections 


General  Consid.erain.cns — 


(. 


On  the  foil  surface  there  is  likely  to  be  small  irregularities  or 
projections  in  the  form  of  plate  joints,  rivet  or  screw  heads,  control 
surface  gaps,  etc.  that  have  unique  drag  characteristics  due  to  their 
presence  within  the  fluid  boundary  layer.  (For  large  protuberances 
that  extend  beyond  the  boundary  layer,  see  Chapter  9.)  The  drag  of 
these  projections  can  be  determined  as  a  function  of  their  shape, 
height  and  chordwise  location  on  the  foil. 


The  material  which  follows  is  taken  almost  entirely 
from  Hoerner 1  s  "Aerodynamic  Drag"**.  For  a  more  detailed, 
complete  coverage,  reference  should  be  made  to  that  work. 


Spanwise  Plate  Joints  and  Other  Spanwise  Projections 

The  drag  coefficient  of  continuous  spanwise  projections  can  be 
represented  in  the  form 

Qj,  *  13  *  3 5  K/x  (U.Hi) 

where  is  the  drag  coefficient  based  on  the  frontal 

area  of  the  projection  (or  depression) 

fCp]  is  an  "independent"  coefficient,  which  is  a 
function  of  the  type  of  projection. 

Wa  is  the  ratio  of  projection  height  to  distance  of 
the  projection  from  the  leading  edge  of  the  foil. 

This  relationship  is  valid  for  Vx  less  than  0.02. 
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Values  of  IS)  are  shown  in  Figure  h»6  for  various  plata  joints 
and  projections. 


VALUES  OF  £3  for  span^ise  projections 


FIGURE  4.6 


Rivet  Heada  ana  Other  Local  Projections 


The  drag  coefficient  of  rivet  and  bolt  heads  and  similar  "spot- 
like"  projections  takes  the  sane  form  as  equation  ( lJU)  above  for 
plate  joints,  except  that  the  coefficient  is  referred  to  the  plan 
area  of  the  projection.  Thue 

i  (^»i 

where  C**  is  based  on  plan  area  of  the  projection.. 

Again,  the  relationship  is  valid  for  ^4  lens  than  0.02. 
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Values  of  for  various  rivet  and  bolt  heads  are  shown  In 
Figure 


Control  Gaps 

The  drag  due  to  the  gap 
between  a  foil  and  a  control 
flap  can  be  estimated  on  the 
basis  of  the  gap  (measured 
as  indicated  in  Figure 
Thus,  based  on  the  plan  area 
of  the  gap, 
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£p-t-  K  0.02  for  the  pressure  side 
Cp+  *  0.03  for  the  suction  side 
or  for  the  simple  arrangement  shown  in  the  figure 

ACpe  --  0.05  6/c  ( JU.16) 

where  e/c  is  the  gap/chord  ratio 

Q+  is  the  spanwise  extent  of  the  control  flap 
b  is  the  foil  span. 

is  then  added  directly  as  a  component  of  foil  parasite  drag* 


( 
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DESIGN  EXAMPLE  NO.  4.2 


SH  I  OF  I 


DETERMINE  THE  EFFECT  OF  A  BUTT  STRAP 
ON  THE  PARASITE  DRAG  OF  A  FOIL 


FOR  THE  24"  CHORD  FOIL  GIVEN  IN  EXAMPLE  4.1 
THERE  IS  A  2"  X  3/16"  GUTTSTRAP  ON  THE  EXPOSED 
UPPER  8  LOWER  FOIL  SURFACES  .LOCATED  AT  MID-CHORD. 

EACH  SECURED  BY  A  DOUBLE  ROW  OF  1/4"  DIA.  COUNTERSUNK, 
OVAL  HEAD  MACHINE  SCREWS  SPACED  8  DIAMETERS, 


For  the  StVap 

From  equation  (4.14)  and  Fiqure  4-6 

l  'Xit,  _  ✓  .  J  1 1 


h/x 

■on 


^  o.Oi5(|ess  than  002, so  IS  applicable^ 


Therefore, 

Cdo  *07*3(0.015)1*0.52 

and  h  C&o  *  K  0.52*0.0041 


For  the  Screws 

%  dia.  countersunk, oval  heal  screws  have  a  diameter^;  0.5" 

and  height  v  0.025" 

FroM  eguation(4.l  5)  and  Figure  4  7 

h)x  *  0.025/11  *  0  0021  (aqaih,  lessthah  ool) 

0-o.oiZ  3 

Therefore 

C04.  *  O.Ol2*3(o.ooZl)y3  *  0.0046 
The  screw  plan  area, per  unit  op  span  is 
2 * y(4)1  *  3 1 0-3*4  m'/wt 
and  x o.oo46  =  0.000 1 


Total 

From  Example  4.1,  C&0(stq)=  0.009b 

Therefore,  tne  total  is  Cp<>  •  0. 00$fc-r 0.0041  +0.0001 «  Q.CH26 
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These  test  results  are  for  foils  and  struts  of  the  same  chord  and 
are  probably  not  exact  when  the  respective  chords  are  different.  How¬ 
ever,  it  is  felt  that  the  differences  would  be  small  and  it  is  suggested 
that  the  data  shown  can  be  used  for  all  cases,  basing  the  co-ordinate 
Vc  on  the  chord  of  the  foil. 

It  is  also  considered  that  the  fillet  should  have  a  radius  in  the 
order  of  for  the  corresponding  location  along  the  chord. 

There  is  an  additional  interference  effect  when  the  foil  has  an 
angle  of  attack,  as  indicated  by  teat  data?.  However,  it  is  not  known 
how  much  can  be  attributed  to  viscous  influences  and  how  much  to 
induced  drag  (due  to  loss  in  lift).  For  convenience,  it  has  been  con¬ 
sidered  an  induced  effect  and  sun  empirical  relationship  is  given  in 
Chapter  2  (equation  2.26a). 

Foil  Nacelle  Junctions 

There  is  a  similar  parasitic  drag  increment  that  arises  at  the 
junctions  of  foils  and  nacelles.  However,  since  the  nacelle  replaces 
a  certain  portion  of  foil  area,  the  reduction  in  foil  drag  (calculated 
on  the  basis  of  a  plain  wing,  as  is  usually  done)  offsets  the  inter¬ 
ference  drag  to  a  large  extent. 
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That  is ,  adding  the  parasite  drag  of  a  nacelle  (see 
Chapter  9)  to  the  parasite  drag  of  a  foil  results  in 
a  drag  value  that  reasonably  represents  the  total 
parasite  drag  of  the  combined  configuration,  since 
the  mutual  interference  drag  is  offset  by  the 
reduction  in  surface  area. 

The  actual  total  effect  of  the  nacelle-foil  configuration  is 
dependent  on  many  geometric  factors.  The  shape  of  the  nacelle,  the 
relative  spanwise,  fore  and  aft,  and  vertical  location  of  the  nacelle 
with  respect  to  the  foil,  and  the  type  of  fairing  employed  at  the 
junction  are  all  important  considerations  and  no  general  relationship 
can  be  found  to  cover  all  conditions. 

Rather,  it  is  necessary  to  refer  to  test  data  for  configurations 

similar  to  that  which  is  being  considered.  Reports  such  as  that  by 
o 

Jacobs  and  Wal’d  on  tests  of  wing-fuselage  or  wing-nacelle  configur¬ 
ations  can  be  utilized  for  this  purpose. 


/ 


c 
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DESIGN  EXAMPLE  NO.  43  «.*• 


DETERMINE  THE  STRUT  INTERFERENCE 
EFFECT  ON  THE  PARASITE  DRAG  OF  A  FOIL 

FOR  THE  FOIL  GIVEN  IN  EXAMPLE  4.1 ,  A  SPAN 
OF  12*  IS  TAKEN  (WITH  RECTANGULAR  PLANFORM), 

SUPPORTED  ON  THE  SUCTION  SIDE  BY  TWO  STRUTS 
OF  24"  CHORD,  10%  MAXIMUM  THICKNESS. 


From  example  4.1.  the  foil  has  24“choH,  IZ^thicKness 

There  fore ,  from  equation  (4.0) 

Vc  =  \/0 10X0.12  sko.h 

And  from  figure  49 

CDt  -  0. 2 1  (without  fairing ) 

0.07(with  fillet  fairing) 

Converting  Cot  to  the  proper  increase  in  foil  drag  coefficient, 

aCdo  -  2Cot(f)c)VA  3Ct>t  a  2(o.n)Vfe 

r  o.oo4^t>t 

Thus,  aCd0  --  0.0009  (without  fairing) 

=  0.00  0  3  (with  fillet  fairing) 


( 
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CHAPTER  g.  FLAP  CHARACTERISTICS 

1.  Central  Considerations 

2.  Lift  Characteristics 

3.  Moaent  Chaiacteristlcs 
H*  Drag  Characteristic* 


Relationships  for  plain  flaps  and  ailerons  are  given  for 
hydrofoils,  derived  from  airfoil  theory  and  data.  Methods  to 
detemine  characteristics  of  flapped  foils  with  full  or  partial- 
span  flaps  are  indicated.  It  ie  Indicated  that  airfoil  relation¬ 
ships  nay  not  ba  sufficient  for  flaps  piercing  or  within  one  chord 
of  the  surface,  and  specific  test  data  is  required  for  such  easee. 
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1.  General  Considerations 

Flaps  and  ailerons  are  applicable  to  hydrofoil  configurations 

i 

for  several  purposes.  Ailerons  may  be  used  on  controllable  foil 
craft  and  for  assisting  turns,  while  flaps  may  be  used  on  fixed 
foil  configurations  for  changing  trim  and  submergence  as  desired 
for  changes  in  craft  speed  or  load. 

Some  of  the  flaps  developed  for  airfoils  are  illustrated  in 
Figure  5.1.  On  a  practical  basis,  the  plain  flap  or  aileron 
appears  to  be  the  most  attractive 
for  hydrofoil  use  due  to  its 
mechanic  and  hydrodynamic 
simplicity  and  its  ability  to 
serve  as  an  aileron  or  a  trim 
flap,  as  desired.  Theoretical 
relationships  and  test  data  are 
more  readily  correlated  for 
plain  flaps,  and  formulations 
more  readily  applied  to  design. 

Therefore,  the  characteristics 
shown  below  are  primarily 
applicable  to  plain  flaps  or 
ailerons. 
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For  details  of  flap  theory  and  additional  data  on 
flaps  of  all  types,  reference  should  be  made  to 
pertinent  airfoil  treatises-^ , 

There  is  no  available  data  on  the  characteristics  of  flaps  on 
a  foil  in  the  vicinity  of  the  water  surface.  Generally,  it  is 
considered  that  the  effects,  of  a  flap  on  an  airfoil  will  apply  also 
to  a  hydrofoil,  taking  into  account  the  properties  of  the  unflapped 
hydrofoil.  This  concept  should  apply  where  the  submergence  is 
greater  than  1  chord,  but  for  smaller  submergences  (including 
surface-piercing  foils)  the  flap  characteristics  may  well  be 
different  due  to  the  local  flow  conditions  set  up  by  the  biplane 
image  system.  In  this  latter  case,  model  tests  should  be  employed 
to  determine  flap  effects  more  accurately. 


The  notation  employed  for 
plain  flaps  is  indicated  in 
Figure  5.2.  The  flap  chord, 

,  is  measured  from  the 
pivot  point  and  the  flap 
deflection  is  measured  from 
the  chord  line,  as  shown. 

Flap  hinge  moments  are  taken 
about  the  pivot  point. 
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2,  Lift  Characteristics 

Section  Characteristics 

The  deflection  of  a  flap  has  an  effect  on  the  foil  similar  te 
that  of  a  change  in  camber  of  the  section,  expressed  as  an 
increment  of  effective  angle  cf  attack i 

A**  *  (S.l> 

where  It/  xs  a  function  of  the 
flap  chord  ratio.  The  theoretical 
value  of  k/  ,  shown  in  Figure  5.3, 
gives  results  that  are  somewhat 
higher  than  those  derived  from 
experiment.  For  flap  deflections 
of  not  over  10°  to  15°,  the 
experimental  data  is  well  fitted 
by  the  empirical  formula 


kf  *■  y/^/c  (5.2) 

below  the  value  */e  -0.7. 

i  1 

The  section  lift  equation  for  a  flapped  foil  in  infinite  fluid 

is  then 


FLAP- EFFECTIVENESS 
FIGURE  5.3 
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\  s 


Cjt  2  IT  (of,  -  OC  ^ 

where  cC»  is  the  foil  section  angle 

i  - 

cCio  is  the  unflapped  angle  of  zero  lift 
&  is  positive  downward. 


(5.3) 


Foil  With  Full  Span  Flaps 

The  lift  of  a  hydrofoil  with  flaps  extending  the  full  span  can 
readily  be  datenii&ed  from 


CL  * 


(5.U) 


where  /4S-)  is  the  lift  curve  slope  of  the  unflapped  foil, 
**  as  determined  in  Chapters  2  and  3. 


Foils  With  Partial  Span  Flaps 

When  flaps  extend  only  over  a  portion  of  the  foil  span,  the 
flap  effectiveness  must  be  suitably  modified  by  an  additional  factor 
\f£  ,  so  that  the  total  factor  is  ^  ^  .  This  additional  faetor 

is  shown^*^  to  be  a  function  of  the  basic  spanwise  lift  distribution 
of  the  unflapped  foil,  and  thus  for  any  but  an  elliptically  loaded 
foil  a  function  of  aspert  ratio.  An  approximate  value  for  the 
factor  ^  can  be  readily  determined  once  the  basic  spanwise  dis¬ 
tribution  is  known,  by  the  ratio  of  the  basic  lift  over  the  span 
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l 


( 


of  the  flapped  foil  to  the 
lift  of  the  entire  foil,  as 
illustrated  in  Figure 
For  an  elliptically  loaded 
foil  (of  any  aspect  ratio) 
the  factor  Rf  can  be 
determined  from  Figure  5.h(b) . 
in  terms  of  the  ratio  > 

where  •/*  is  the  span  of  the 
flap  that  extends  to  midspan. 

For  partial  flaps  at  the  tips 
or  within  the  span,  the 
factor  can  be  determined 
fromt 

s  (at  a.)  r  j 

I  ! 

t  ; 

\  i 

The  elliptically  loaded  case  may  be  used  for  all  .foils  without 
serious  error. 

i 

A  further  correction  is  required  for  the  hydroJoil  where 

greater  accuracy  is  required,  due  to  the  biplane  lenRgtt 

■  . 

incremental  lift  over  the  flapped  span.  This  may  be  deteftftined 
from  the  relationships  derived  for  a  biplane  with  unequal  spans 

I 
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(see  Durand^).  However,  for  preliminary  purposes,  suoh  corrections 
may  be  neglected. 

Lift  of  Flaps 

The  nomal  force  on  the  flaps  Is  given  approximately  by  Mr* 
equation  .  j 

Ciy  s  It,  Cg  f  t  (5*5)  j 

T  I 

.  ...  J  1 

where  Cm  is  the  section  lift  of  the  mflawad  foil 
*  determined  for  eaoh  point  along  one  span  of 
the  flap  from  the  baeio  lift  distribution. 

,  .  '  j 

n,t4%  are  eeeffleients  given  in  figure  5*5*  j 
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DESIGN  EXAMPLE  NO.  5.1 


ESTIMATE  THE  FLAP  EFFECTIVENESS 
FACTOR  FOR  A  PARTIAL-SPAN  FLAP 


A  PAIR  OF  FLAPS  HAVING  A  CHORD  EOOAL 
TO  25%  OF  THE  FOIL  CHORD,  AND  AN 
OVERALL  SMN  OF  60%  OF  THE  FOIL 
SPAN  ARE  INSTALLED  ON  A  2 ‘I  TAPERED 
FOIL, AS  SHOWN  ON  THE  SKETCH 


From  equation  (5.2),  the  effectiveness  of  the 
flap  section  !,s 

=  1.1  =  0.55 

The  foil  he j  approximately  an  elliptic  lift  distribution, 
(as  indicated  in  Chapter  l)  \ 

Therefore,  from  Figure  5.4, and  pages  5.5  and  5.6 

kf  *  V  («+  aA  ■•*)  _kf  (ot  ah> 

=  0.97  -  0,38  =0.59 

Then,  tbt  total  flap  effectiveness  factor  is 
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3*  Moment  Characteristics 
Pitching  Moment 

The  section  pitching  moment  about  the  quarter-chord  line  df 
the  foil,  due  to  flap  deflection  is  given  by  the  equation 

A  ^  l  ~  CW*J  ^  (5.6) 

t/  S 

\diere  ia  given  in  Figure  5.6,  and  is  seen  to 

d.f  be  a  function  only  of  flap  chord  ratio. 

For  full  span  flaps, 
the  total  pitching  moment 
about  the  quarter-chord 
can  then  be  determined 
readily  by  the  methods 
indicated  in  Chapter  2. 

For  partial  span  flaps, 
the  total  pitching  moment 
due  to  flaps  must  be  de¬ 
termined  from  the  basic 
lift  distribution  (span- 
wise)  of  the  foil,  as 
indicated  above  for  the 
lift  due  to  flaps. 
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Flap  Hinge  Moments 


The  section  hinge  moments  on  a  flap  are  given  by  the  equation 


where 


"h 


d<f 


is  the  coefficient  of  the  moment  about  the 
flap  hinge  in  terms  of  .the  flap  chord 


Cg  is  the  ^flapped  foil  lift  coefficient 


/^*t]  are  factors  given  in  Figure  5.7  and 

*  5TT*  to  be  functions  of  the  flap  chord  r, 


(5.7) 


are  seen 
ratio. 


The  total  hinge  moment  for 
a  full  span  flap  is  readily 
determined  from  equation  (5.7) 
for  the  section,  by  the  pro¬ 
cedure  given  in  Chapter  2  for 
foil  pitching  moments.  For 
the  simple  case  where  the 
flap  chord  ratio  is  constant 
across  the  span,  the  total 
hinge  moment  is  found  merely 
by  substituting  C4  (for  the 
foil)  in  place  of  Cg  (for 
the  foil  section). 
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For  partial  span  flaps ,  the  hinge  moment  at  each  section  must 
be  determined  from  the  basic  lift  distribution  of  the  unflapped 
foil,  as  previously  indicated. 
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DESIGN  EXAMPLE  NO.  5.2 


ESTIMATE  THE  PITCHING  MOMENT  a  HINGE  MOMENT 
CHARACTERISTICS  FOR  A  PARTIAL-SPAN  FLAP 


FOR  THE  FOIL-FLAP  ARRANGEMENT 
GIVEN  IN  EXAMPLE  S.l 


From  Figure  5.6,  The  section  pitching  moment  factor 
for  Cf/c  *  0  25  is 

(  *  0.66 

'  d  <f  > 

From  Figure  5.7t  the  section  hinge  moment  factors  art 


(ACh  \ 

'icf  J 

m 


z  O.  IO 


.  0.60 


Since  the  Foil  gaarter  •  chord  line  is  straight  Cm*  shown  in 
example  5.1 ),  the  section  pitching  moment  factor  can  be 
modified  by  the  factor  kf  ( a  function  of  lift  distribut ion 
along  the  Span),  given  m  example  5.1 

Thus  bp  •  © .S4 

and  the  tota.1  moment  .factors  for  ths  foil  art 


<T7*) 

•  0.66  a  0.5 9  •  0.384 

E  o.io  x  «  0.054 

VdC,  J 

(—) 

=  o.  60  x  0.54  *  0.354 

W  J 

CONFIDENTIAL 
II  -  5.12 


CONFIDENTIAL 


FLAPS 


2u  Drag  Charact eristic 8 
Parasite  Drag 

The  parasite  drag  of  a  foil  section  increases  with  deflection  of 
the  flape,  as  indicated  by  experiment^ However,  such  increase  is 
small,  being  of  the  same  order  of  mangitude  as  that  experienced  when 
the  tinflapped  foil  is  given  an  equivalent  angle  of  attack. 

In  other  words,  the  simple  relationship  of  the  foil  parasite  drag 
varying  as  the  factor  (1  +  A'^)  given  in  Chapter  U  appears  valid 
whether  the  lift  is  due  to  angle  of  attack  of  the  foil  or  deflection 
of  the  flap,  and  no  additional  parasite  drag  term  need  by  considered. 

Induced  Drag 

For  full  span  flaps,  the  expression  for  the  induced  drag  in  terms 
of  the  lift  as  given  in  Chapters  2  and  3  is  valid,  without  further 
correction. 

For  partial  span  flaps,  however,  the  induced  drag  must  be  derived 
in  terms  of  the  redistributed  spanwise  loading  due  to  the  flaps.  The 
airfoil  case  involves  several  additional  parameters  (see  ref  erenow  3) 
and  the  hydrofoil  presents  the  additional  consideration  of  biplane 
images.  Qualitatively,  partial  span  flaps  increase  the  induced  drag 
due  to  departure  of  the  lift  distribution  from  an  optimum  whereas 
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the  biplane  factor  is  reduced  (when  considering  the  effect  over  the 
entire  foil.  See  Durand^  for  biplanes  of  unequal  spans). 

It  is  presently  considered  that  such  additional  factors  need  not 
be  considered  for  preliminary  estimating  purposes.  Test  data  on 
partially-flapped  foils  should  be  obtained  for  actual  configurations 
under  consideration. 
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CHAPTER  6.  HID  HO  FOIL  WAKE 

1.  General  Considerations 

2.  The  Wave  Pattern 
3»  Sab -Surface  Flow 

U.  Significance  of  the  Wake 
$.  Design  Data  and  Procedure 


The  pattern  of  the  wave  produced  by  a  hydrofoil  is  discussed 
qualitatively  and  illustrated  by  specific  test  results.  Methods 
to  d*  tendon*  ths  sub-surface  flow  are  given,  the  significance  of 
the  various  flow  factors  for  dif ferent  typos  of  hydrofoil  craft 
are  discussed,  and  data  is  presented  on  the  waves  and  flow  fields 
behind  e  foil. 
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1.  General  Considerations 

The  wake  produced  by  a  hydrofoil  operating  close  to  the  water 
surface  consists  of  two  distinct  flows.  First,  the  foil  produces  a 
gravity  flow,  expressed  in  a  surface  wave  with  its  concomitant  sub¬ 
surface  flow  field.  Secondly,  the  foil  also  produces  a  flow  similar 
to  that  of  an  airfoil  operating  in  air  but  which  is  restricted  due  to 
the  proximity  of  the  water  surface.  This  ’‘aerodynamic"  flow  is 
independent  of  the  gravity  flow  and  does  not  produce  a  surface 
disturbance. 

All  components  of  a  hydrofoil  configuration  that  are  located  in 
the  wake  are  affected  by  the  flow  characteristics  of  the  wake.  Thus, 
it  is  necessary  to  investigate  the  effects  of  the  flow  field  on  such 
components  located  in  the  wake  ast  additional  foils,  struts  and 
rudders,  flaps,  and  propellers. 
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2.  The  Wave  Pattern 

The  Wave  Produced  by  a  Point  Disturbance 

The  pattern  of  the  wave  produced  by  a  hydrofoil  is  essentially 
that  produced  by  a  series  of  point  disturbances  distributed  along  the 
lifting  line  of  the  foil,  and  the  observed  characteristics  of  the  wave 
pattern  can  most  readily  be  explained  on  this  basis.  Therefore,  the 
characteristics  of  the  wave  produced  by  a  single  point  disturbance 
will  be  illustrated  briefly. 

The  pattern  of  the  wave  produced  by  a  point  disturbance  was 
derived  by  Havelock-*-  and  later  by  Lunde2  and  is  the  well-known  ship 
pattern  consisting  of  lateral  and  transverse  waves,  as  illustrated  in 
Figure  6.1.  The  formulas  for  the  wave  amplitudes  are  only  valid  "far 
behind”  the  origin  and  do  not  represent  the  conditions  close  to  the 
origin.  Furthermore,  the  exact  amplitudes  are  not  readily  ascertained 
and  the  relative  amplitudes  throughout  the  wave  region  are  extremely 
difficult  to  evaluate.  Generally,  however,  the  amplitude  of  each  crest 
is  greatest  near  the  "cusp"  line,  where  the  lateral  and  transverse  waves 
combine  to  produce  a  high,  short  crested  wave,  called  the  cusp. 

The  amplitudes  of  successive  crests  and  troughs  decrease  in 
proportion  to  the  distance  from  the  origin,  with  the  transverse  waves 
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decreasing  at  a  greater  rate.  Far  aft  of  the  origin,  the  lateral 
waves  at  the  cusps  are  greatly  predominant. 

In  shallow  water  of  depth, d ,  the  characteristics  of  the  wave 
are  markedly  different  from  those  in  deep  water  given  above*  Above 
a  speed  the  cusp  line  angle  increases  from  its  deep  water 

value  of  19° 28',  with  consequent  spreading  of  the  lateral  waves  and 
decrease  in  transverse  wave  amplitude.  Theoretically,  at  the  critical 
speed  V4-JJ7 ,  the  cusp  line  angle  is  90°  with  a  solitary  wave  pro¬ 
ceeding  along  in  line  with  the  origin  and  no  following  disturbance • 

At  supercritical  speeds,  the  pat-^-n  is  as  shown  in  Figure  6.2, 
where  the  transverse  waves  have  disappeared,  the  lateral  waves  are 
(  concave  to  the  centerline,  and  the  "wave  front"  is  defined  by  the 

angle  *  *»T'  . 
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The  Two-Dimensional  Wave 


A  continuous  distribution  of  point  disturbances  along  a  line  of 
infinite  span  would  result  in  transverse  waves  only,  with  the  crests 
parallel  to  the  line  of  disturbance.  The  wave  has  been  shown  \sy 
Meyer^  to  be  a  simple  sine  wave  extending  aft  with  a  superimposed 
local  disturbance  in  the  vicinity  of  the  foil.  Figure  6.3  shows  the 
wave  profile  and  indicates  that  the  local  disturbance  disappears 
approximately  l/h  wave  length  downstream.  The  equation  of  the  sine 
wave  is  given  as 


CtC  *  5m  9*/y* 


(6.1) 


and  the  slope  of  the  wave 

dh  t  £  •  -  ct  9%1  (6.1a) 

dx  v*  v 


WAVE  PROFILE  IN  TWO  DIMENSIONS 

FIGURE  6.3 


CONFIDENTIAL 


( 


II  -  6.6 


CONFIDENTIAL 


HYDROFOIL  WAKE 


( 


( 


The  Three-Dimensional  Wave 

From  the  above  considerations,  the  pattern  of  the  wave  produced 
by  a  hydrofoil  of  finite  span  can  be  shown.  In  the  region  between 
the  converging  cusp  lines  emanating  from  the  foil  tips,  there'  is  a 
cancellation  of  lateral  waves  and  a  strengthening  and  straightening 
of  transverse  waves,  simulating  the  two-dimensional  sinusoidal 
pattern*  Outboard  of  these  converging  cusp  lines,  the  pattern 
approaches  that  due  to  a  single  point  disturbance,  and  is  equivalent 
to  it  at  the  cusp  lines  diverging  from  the  tips.  Figure  6.U  shows 
the  pattern,  as  described  above. 


WAVE  PATTERN  FROM  A  HYOROFOIL 

_  FIGURE  6,4 _ _ 

Wave  contours  measured  from  hydrofoil  model  tests  are  shown  in 
Figure  6.5,  showing  the  general  pattern  indicated  above. 
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SURFACE  WAVES  PRODUCED  BY  A  HYDROFOIL  OF  LARGE  ASPECT  RATIO 
FIGURE  6.5 
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3.  Sub-Surface  Flow 

The  sub-surface  flow  in  the  wake  of  a  foil  is  due  to  two  effects, 
namely  s 

1.  that  gravity  flow  associated  with  the  surface  wave 

2.  that  due  to  the  "aerodynamic”  effects  of  the  foil. 

The  relative  importance  of  these  effects  is  a  function  of  F’roude 
number,  as  will  be  discussed  below. 

Gravity  Plow 

The  gravity  flow  at  any  depth, h  ,  below  the  surface  is  easily 
determined  from  the  surface  wave  by  the  classical  "decay"  formula* 


where  is  the  flow  angle  at  the  submergence ,  /? 

6a  is  the  flow  angle  at  the  surface. 

Aerodynamic  Flow 

The  basic  airfoil  wake  will  first  be  considered,  after  which  the 
influence  of  the  surface  will  be  taken  into  account.  The  vortex 
sheet  emanating  from  the  foil  wraps  up  into  two  distinct  vortices 
approximately  within  one  span  behind  the  foil,  as  indicated  in  Figure 
6.6.  The  separation  between  vortices,  b*  ,  and  the  radius  of  the 
vortex  core,  ft  »  are  functions  of  the  foil  load  distribution,  and  can 
be  determined  by  methods  indicated  by  Durand^. 

f 
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TRAILING  VORTEX  SYSTEM  FAR  BEHIND  FOIL 


( 


DOWNWASH  RECTOR  FOR  ELLIPTICALLY  LOADED  FOIL 


AERODYNAMIC  WAKE 


FIGURE  6.6 
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It  is  considered  sufficiently  accurate  to  assume  elliptic  load¬ 
ing  for  the  foil  when  determining  the  flow  in  the  wake  far  behind  the 
foil*  Then  Durand^  gives  the  following  values 

b'  *  •£  b 

%  0.0855  b 

r  4  U  .  i  CLVb 
*  fVb  "  IT  A 

The  downwash  angles  in  the  plane  of  the  vortex  lines  can  be  readily 
determined  from  the  following  expression 


e 


« 

i 


where  £  is  considered  positive  for  upwash 

s 

J  is  a  factor  depending  upon  spanwise 
J  location,  and  is  given  in  Figure  6.6. 


(6.U) 


Low  Froude  Numbers 

At  very  low  Froude  numbers, 
the  "aerodynamic"  effect  is  that  of 
an  airfoil  near  a  rigid  wall  at  the 
water  surface,  as  indicated  in 
Chapter  2*  Then  the  aerodynamic 
flow  angle  would  be  determined  by 
the  trailing  vortex  system  and  its 
mirror  image  as  indicated  in  Figure 
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the  downwash  angle  given  in  equation  (6.U)  would  be  modified  to 
the  value 

/  (Z-K)  (6.5) 

where  K  is  the  generalized  factor  determined  for 
the  foil,  as  indicated  in  Chapter  2. 


Then  the  total  sub-surface  flow  angle  at  low  Froude  Number  is 


£  it  * 


(6.6) 


High  Froude  Numbers 


At  high  Froude  numbers,  the  wave  effects  become  negligible  and 
the  total  effect  is  that  of  the  ’’biplane",  as  indicated  in  Chapter  2. 
Then  the  total  flow  angle  is 
determined  by  the  trailing 
vortex  system  and  its  biplane 
image  as  indicated  in  Figure 
6.8.  Thus,  at  high  Froude 
numbers,  may  be  neglected. 


h 

c 

run  surface 

h 

(© 

' 

*■ - 

± 1 

BIPLANE 

EFFECT 

FIGURE  6.8 

In  the  plane  of  the  vortices,  the  total  sub -surface  flow  angle 
at  high  Froude  numoers  is 


(6.7) 
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it.  Significance  of  the  Wake 

The  significance  of  the  flow  conditions  in  the  wake  of  a  foil  as 
they  affect  other  components  naturally  depends  on  the  type  of  hydro¬ 
foil  configuration  investigated.  This  in  turn  depends  on  the  type  of 
craft  to  be  designed.  Generally,  it  is  necessary  to  evaluate  the 
influence  of  the  wake  although  some  aspect  which  may  be  important  in 
one  design  is  negligible  in  another,  and  vice-versa. 

How  the  emphasis  on  different  aspects  of  the  wake  changes  with 
different  designs  can  be  illustrated  by  examples  of  two  different 
types  of  craft. 


(a)  The  large,  slow-speed  craft 


For  a  hydrofoil  craft  of  several  hundred  tons  or  more 
and  a  design  speed  of  less  than  ij.0  knots,  the  hydrofoil  con¬ 
figuration  would  be  of  the  large  span,  tandem  foil  type. 

The  wake  from  the  forward  foil  would  be  essentially  two- 
dimensional  in  nature,  as  in  Figures  5.3  and  6.5.  Assuming 
the  two-dimensional  case  for  the  purpose  of  illustration, 
the  upwash  on  the  aft  foil  would  be,  from  equations  (6.1) 
and  (6.2) i 


-'v  H 


cos  1*4 


t 


(6.8) 


where  the  subscripts  1  and  2  denote  the  forward  and  aft 
foils  respectively. 

Since  the  upwash  changes  the  direction  of  the  lift  pro¬ 
duced  on  the  second  foil  by  the  angle  £*  resulting  in  a 
drag  component,  the  total  drag  due  to  lift  would  be 

^  cLt 
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which  for  foils  of  equal  geometry,  submergence  and  lift  can 
be  shown  to  be 


C0  ~  “2  ( *  +  cos 

‘'W  •'W, 


(6.9) 


(since  Cpw  *  a_t  c  for  the  foil  in  two  dimensions, 

as  shown  in  Chapter  2). 


Thus,  depending  on  the  separation  between  the  foils,  the 
total  wave  drag  could  have  a  value  varying  from  zero  to  twice 
that  of  the  configuration  without  upwash. 


(b)  The  small,  high  speed  craft 

For  a  hydrofoil  craft  of  under  100  tons  and  a  speed  of 
over  1x0  knots,  the-  foils  would  be  small  and  short  in  span. 

The  wave  produced  would  be  of  the  type  shown  in  Figure  6.5 
(for  high  Froude  numbers),  and  the  wake  would  have  the 
following  features* 

a.  negligible  transverse  wave  pattern 

b.  strong  "aerodynamic"  downwash 

c.  important  lateral  wave  crests  and  roaches 

For  this  type  of  wake,  the  transverse  location  of  the  com¬ 
ponents  of  the  configuration  is  important  as  compared  to 
exainple  (a)  where  the  fore-and-aft  location  is  important . 

Foils  and  control  surfaces  should  be  positioned  so  as 
not  to  be  in  the  strong  flow  of  the  aerodynamic  wash;  and 
furthermore,  vertical  struts  and  rudders  should  be  positioned 
to  avoid  roaches  ( particularly  when  located  at  or  near  the 
centerline)  and  strong  lateral  cusps.  On  the  other  hand,  it 
may  prove  beneficial  to  locate  propellers  directly  in  the 
trailing  vortex  field  to  take  advantage  of  the  rotary  flow. 

The  above  examples  illustrate  the  relative  importance  of  different 
aspects  of  the  wake  for  different  types  of  craft.  In  any  case,  all 
of  the  effects  should  be  investigated  for  a  given  design. 
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5.  Design  Data  and  Procedure 


Existing  design  data  on  the  wake  of  hydrofoils  is  limited  to  that 
produced  in  two  exploratory  tests.  Breslin  conducted  wave  measurements 
on  a  foil  of  aspect  ratio  20;  the  wave  contours  of  which  are  presented 

C.  n  Q 

in  Figure  6.$.  E.T.T.  *  conducted  a  series  of  tandem  foil  tests  from 
which  the  average  upwash  angle  along  the  span  of  the  after  foil  have 
been  calculated,  as  shown  in  Figures  6.9  and  6.10. 


All  the  above  tests  were  conducted  at  a  submergence  of  1  chord, 
with  foils  of  large  aspect  ratio  at  relatively  low  Froude  numbers. 
There  is  a  need  for  additional  data,  particularly  for  small  foils  at 
large  Froude  numbers,  in  order  to  make  reasonable  estimates  of  the 
effect  of  the  wake  for  a  greater  variety  of  designs. 


The  existing  data  given  in  the  figures  can  be  used  for  such  con¬ 
figurations  where  interpolations  or  extrapolations  are  reasonable. 
Methods  for  calculating  the  wake  effect  are  given,  as  follows* 


(a)  Dae  of  Wave  Contour  Data 

From  the  contour  map  of  ths  wave  produced  by  a  foil  of 
given  aspect  ratio  at  a  given  Froude  number,  the  flow  can  be 
determined  for  any  point  in  the  wake.  Determining  the  sur¬ 
face  flow  angle,  £a  ,  from  the  contour  map,  the  flow  angle  at 
a  given  depth  can  be  established  by  use  of  the  methods 
described  in  Section  3  above. 

The  determined  flow  angles  along  the  span  of  a  foil  in 
the  wake  can  be  simply  average  over  the  span  for  a  reasonable 
approximation . 
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(b)  Use  of  Tandem  Foil  Data 

The  average  upwash  data  can  be  interpolated  for  similar 
configurations  to  those  tested,  and  is  more  direct  than  the 
contour  data  when  determining  the  average  upwash  on  the  aft 
foil,  as  long  as  the  submergence  is  the  same  as  that  given 
in  the  data.  When  the  submergence  (of  the  aft  foil)  differs 
from  that  tested,  the  data  must  be  corrected  by  use  of  the 
methods  of  Section  3  above. 


(c)  Location  of  Lateral  Cusps  and  Roaches 


Where  wave  contour  data  is  applicable,  the  location  of 
cusps  and  "roaches"  can  be  readily  observed,  and  the  surface 
and  sub-surface  effects  reaiily  calculated.  (The  interfer¬ 
ence  between  converging  lateral  crests,  behind  the  fo*!  mid¬ 
span,  causes  a  large  upsurge  of  water,  commonly  calleu  a 
roach.)  Where  data  is  not  available  for  the  conditions  to  be 
investigated,  the  approximate  locations  of  crest  and  troughs 
can  be  determined  from  the  theoretical  values  given  in  Figure 
6.1  for  the  wave  produced  by  a  point  disturbance.  The  waves 
are  assumed  to  be  generated  at  the  foil  tips.  The  theoretical 
location  of  roaches  directly  behind  the  midspan  of  a  foil  (or 
midway  between  the  tips  of  port  and  starboard  foils)  can  be 
determined  from  Figure  6.11.  Generally,  only  the  first  few 
waves  are  of  consequence  and  these  only  near  the  cusps  and 
roaches  where  the  amplitudes  are  large.  Where  more  than  one 
foil  is  considered  (such  as  with  small  foils,  P/S),  the 
effects  are  combined.  Since  the  exact  amplitudes  of  such 
waves  cannot  readily  be  detennined,  care  must  be  taken  in 
evaluating  the  importance  of  different  cusps  and  roaches, 
particularly  when  a  combination  of  foils  are  under  study. 
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CHAPTER  7.  STHUT  CHARACTERISTICS 

1.  Drag  Characteristics  at  Zero  lav 

2.  Characteristics  in  law  Prior  to 
Ventilation 

3.  Characteristics  in  law  When 
Ventilated 

ii.  Height  of  Spray 


The  drag  and  side  force  characteristics  are  given  for  surface - 
piercing  struts.  Spray  drag  and  vent listed  characteristics  are  seen 
to  be  functions  of  section  shape,  while  side  force  characteristics 
are  shown  to  be  similar  to  hydrofoil  lift  characteristics.  The 
hydrodynamic  results  given  include  experimental  data  on  spray  height. 
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1.  Drag  Characteristics  at  Zero  Yaw 
Drag  Components 

The  drag  of  a  surface -piercing  strut  at  zero  yaw  consists  of 
three  components:  the  section  drag  of  the  wetted  strut  and  the 
localized  drag  at  its  two  ends.  The  drag  at  the  upper  end  where  the 
strut  pierces  the  water  surface  is  called  "spray  drag'*,  being  assoc¬ 
iated  with  the  production  of  spray  at  that  poiht.  At  the  lower  end, 
the  drag  is  either  "tip  drag"  for  a  free-ended  strut,  or  "interfer¬ 
ence  drag"  when  the  strut  is  connected  to  a  foil  or  other  body* 

A  wave  drag  also  exists  at  low  Froude  numbers-*-,  but 
becomes  negligible  above  V/i/gcT  ■  3*  Therefore,  at 
the  relatively  high  speeds  associated  with  hydrofoil 
craft,  the  wave  drag  may  be  ignored. 
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Section  Drag 

The  section  drag  of  a  strut  can  be  treated  in  the  same  manner  as 
for  a  foil,  including  all  considerations  of  turbulence,  roughness,  etc. 
This  material  is  given  in  Chapter  1*,  "Foil  Parasite  Drag".  From 
equation  (U.9),  the  section  drag  of  the  strut  can  be  givens 

C°\  '  2  C/  [  1  *  J  (7.1) 

where  Cp  is  the  basic  section  drag  coefficient  based 
**  on  the  side  area  of  the  strut 

(Afc)s  is  the  strut  thickness  ratio 

Cy.  is  the  flat  plate  friction  coefficient  based 
on  total  wetted  surface . 

(  The  value  of  can  be  determined  as  outlined  in  Chapter  h,  for 

smooth  turbulent,  transitional,  or  standard  rough  conditions  as  may  be 
required.* 

Spray  Drag 

The  drag  arising  at  the  point  where  the  strut  pierces  the  surface 
is  manifested  in  the  development  of  spray  along  the  forebody  of  the 


*  Tank  test  results  on  laminar-profile  strut  sections  indicate  that  the 
section  drag  coefficient  is  in  the  low  drag  "bucket"  region  at  test 
Reynolds  numbers  as  high  as  6  x  10®.  However,  foils  of  comparable  pro 
file  at  lover  Reynolds  numbers  showed  fully  turbulent  section  drag 
coefficients,  probably  due  to  a  higher  level  of  turbulence  in  the  tank 
generated  by  the  foil.  It  is  considered  that  in  open  waters,  the 
turbulence  level  is  high  and  the  section  drag  is  essentially  that  in 
turbulent  flow. 


( 
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strut.  This  spray  drag  is  a  function  of  the  magnitude  and  distri¬ 
bution  of  pressure  along  the  forebody,  and  thus  a  function  of 
fineness  or  thickness  ratio,  tye ,  and  the  sharpness  of  the  leading 
edge . 

At  the  relatively  high  speeds  associated  with  hydrofoil  craft 
operation,  the  spray  drag  coefficient  apparently  does  not  vary  with 
Froude  number,  according  to  test  results. 

Correlated,  systematic  test  results  of  surface-piercing  struts 
are  few  in  number,  and  the  lack  of  sufficient  data  prevents  the 
establishment  of  a  universal  function  to  take  into  account  the  fine¬ 
ness  and  leading  edge  sharpness.  Figure  7.2  shows  the  spray  drag 
coefficient  (based  on  the  area,  tc  )  for  several  strut  sections 
tested2*^. 


SECTION  ^ 

REFERENCE 

NACA  66-Oie 

O.OSI 

2 

NACA  AS 'Oil 

0.0  SB 

_  BICONVEX 

i<= — i  V** 

0.015-  0  025 

3 

OIAMONO 

0.015 

SPRAY  DRA8  COEFFICIENTS  FOR  SEVERAL  STRUT  SECTIONS 

FIGURE  7.2 
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Generally,  It  is  indicated  from  these  tests  that  the  spray  drag 
coefficient  decreases  with  increasing  thickness  ratio  (but  the  absolute 
drag  increases,  as  should  be  expected),  and  that  the  coefficient  is 
less  for  sharp  leading  edges  than  for  rounded  leading  edges  such  as 
employed  in  airfoil  sections. 

Tip  Drag  or  Interference 

The  tip  drag  of  a  free-ended  strut  (i.e.  not  attached  to  a  foil 
or  other  body  at  its  lower  end)  can  be  evaluated  from  airfoil  data. 
Hoerner^  indicates  that  for  well-rounded  tips,  there  is  no  tip  drag, 
while  for  square  tips  the  drag  of  one  tip  is  expressed  as 

Cn.  *  P*»p  s  0.O8S  (for  square  tip)  (7.2) 

* 

When  attached  to  a  foil,  the  strut  experiences  an  interference 
drag  at  the  junction  as  it  similarly  imposes  an  interference  drag  on 
the  foil.  However,  the  total  interference  drag  at  such  a  junction 
experienced  in  tests  has  been  ascribed  to  the  foil  for  convenience 
(see  Chapter  It),  and  need  not  be  further  considered  here. 

Effect  of  Foil  Lift 

For  struts  attaohed  to  the  upper  surface  of  a  foil,  there  is  an 
increase  in  fluid  velocity  past  the  strut  duo  to  the  circulation 
around  the  foil,  and  therefore  an  increase  in  section  drag.  (There 
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is  no  lncreass  in  fluid  velocity  at  the  water  surface  and  thus  no 
increase  in  spray  drag.)  This  effect  is  small  (being  less  than  10£ 
for  most  applications)  and  can  be  approximated  by  multiplying  the 
strut  section  drag,  equation  (7*1)*  by  the  following  factor 

('  *  ^S.)* 

A 

idiere  J  depends  on  the  spanwise 
location  of  the  strut, 
a/li,  and  the  submer¬ 
gence-span  ratio  of  the 
foil,  Hi  .  Values  are 
given  in  Figure  7.3. 

Q  -  foil  lift  coefficient 
A  •  foil  aspect  ratio 

Effect  of  Rake 


Raking  a  strut  either  forward  or  aft  will  reduce  the  section 
drag  from  that  value  produced  when  the  strut  is  vertical.  This  is 
obviously  due  to  the  reduction  in  strut  thiekness  ratio  in  the 
direction  of  fluid  flow,  and  thus  the  thiekness  ratio  to  be  employed 
in  equation  (7.1)  is 

ftMt/cddjf 

where  ($0,  is  the  nominal  section  thickness  ratio 
K  is  the  angle  of  rake*. 
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It  is  not  fully  evident  from  existing  test  data  whether  there  is 

any  real  benefit  in  rake  insofar  as  spray  drag  is  concerned.  Generally, 

It  is  felt  that  there  is  some  advantage,  but  significant  gains  have  not 
2 

been  experienced  . 

Ventilation  of  Struts 

♦ 

Ventilation  is  characterized  by  an  air-pocket  that  is  formed  at 
the  after-body  of  a  strut,  which  air-pocket  is  open  to  the  atmosphere 
and  extends  downward  along  the  strut  a  distance  depending  on  speed  and 
configuration  characteristics.  (Ventilation  should  not  be  oonfused  with 
cavitation,  which  is  a  condition  not  directly  related  to  the  water 
surface.) 

The  air-pooket  is  formed  only  in  the  presence  of  some  sharp 
discontinuity  in  the  flow.  The  discontinuity  produces  a  vortex  which 
allows  the  air  to  penetrate  the  water  surface  of  constant  pressure, 
after  which  the  full  cavity  can  be  formed.  Discontinuities  arise  due 
to  abrupt  changes  in  strut  section,  local  protuberances,  momentary  yaw 
angles,  etc. 

The  effect  of  ventilation  is  to  reduce  the  section  drag  of  the 
strut,  since  air  of  atmospheric  pressure  replaces  water  of  sub- 
atmsopherie  pressure  at  the  afterbody,  resulting  in  a  forward  force 
component .  Quantitative  reaulta  of  this  drag  raduetion  are  meager 
and  at  present  fairly  inapplicable  for  the  following  reasons: 
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(a)  Streamlined  free-ended  strut  sections  tested  at  zero  yaw 
show  no  tendency  to  ventilate  at  moderate  and  high  speeds2* 3. 
Whether  this  condition  would  prevail  in  practice  where 
transient  yaw  angles  would  be  experienced  or  where  local 
roughness  elements  might  develop  sufficiently  to  "trigger" 
ventilation  is  not  known.  If  such  were  the  case,  there  is 
no  data  available  on  such  a  condition. 

(b)  Wedge-shaped  strut  sections  which  ventilate  throughout  the 
speed  range  have  such  a  high  seetion  drag  initially  that 
the  reduction  in  drag  due  to  ventilation  does  not  appear  to 
result  in  a  net  gain,  as  far  as  existing  data  indicates^. 

(c)  The  effect  of  foil  lift  on  strut  ventilation  is  not  known. 
Depending  on  the  foil  submergence,  the  low-pressure  region 
above  the  foil  may  "trigger"  ventilation  (which  in  turn  will 
lower  the  lift  produced  by  the  foil). 

Further  experience  with  actual  craft  or  testing  of  various  con¬ 
figurations  under  simulated  operating  conditions  is  necessary  to 
produce  accurate  design  information  regarding  ventilation.  At  present, 
it  is  reecunnendsd  that  for  streamlined  strut  sections,  the  effects  of 
ventilation  can  be  ignored  in  normal  operations  at  aero  yaw. 
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2.  Characteristics  in  lav  Prior  to  Ventilation 

The  vertical  strut  having  an  angle  of  yaw,  ,  produces  a  side 
force  and  a  resultant  induced  drag.  For  a  fully  submerged  strut,  this 
is  equivalent  to  the  characteristics  of  an  airfoil  with  a  horizontal 
lift  force.  For  the  surface-piercing  strut,  necessary  corrections  must 
be  made  to  account  for  the  boundary  effect  and  for  spray-producing  drag. 

Surface-Piercing  Strut 

The  effect  of  the  surface  on  the  side  force  characteristics  of  a 
strut  is  a  function  of  Frcude  number,  similar  in  nature  to  the  effect 
on  the  foil  discussed  in  Chapter  2.  At  low  Froude  numbers,  there  is 
a  wave  effect  and  a  "rigid  wall"  effect,  the  first  decreasing  the  strut 
efficiency  and  the  latter  increasing  it. 

At  high  Froude  numbers,  the  surface  effect  is  similar  to  the 
"biplane"  effect  on  a  foil)  hydrodynamioally,  the  strut  is  then 
equivalent  to  one -half  of  an  anti-syaraetrically  twisted  wing. 

There  are  no  theoretical  analyses  presently  known  that  give  the 
force  characteristics  as  a  function  of  Froude  number.  However,  as  is 
indicated  in  Chapter  2  for  foils  and  in  reference  1  for  strut  wave 
drag,  tiie  region  in  which  wave  and  rigid  wall  effects  are  important 
is  at  Froude  numbers  lover  than  considered  practical  for  most  appli¬ 
cations.  Therefore,  the  "biplane"  affect  ia  considered  to  prevail. 
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On  this  basis,  the  side  force  characteristics  of  a  surface¬ 
piercing  strut  are  approximately  as  follows t 


±  +  X 
dcs  1*  frA* 


dCo t  .  X 

d(4)1  A“A* 

where  Q  is  the  side  force  coefficient  based  on 
the  submerged  strut  area  (one  side) 


is  the  strut  drag  coefficient,  based  on 
strut  area 


A* 


is  the  strut  aspect  ratio, 


(fJ  Is  the  angle  of  yaw 


E  is  the  lifting  surface  correction 
(see  Chapter  2) 


(7.3) 

(7.U) 


Effect  of  Foil 


For  the  typical  case  of  a  strut  attached  to  a  foil,  the  foil  exerts 
an  end-plate  effect  on  the  yawed  strut.  This  single  end  plate  has  a 
"height*  equal  to  the  foil  span.  Equations  (7.3)  and  (7.U)  are  thereby 
modified  to  the  expressions! 


d*  A.  .  A 

Jcs  **  rA« 

(7.5) 

<LCd»  .  x  (ilM* 

(7:6) 

d(<Z)x  rA* 
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where  (l+^/h) 
(t*  2>A) 


is  the  approximate  induced  factor  for 
a  single  end  plate 


b  is  the  foil  span 

h  is  the  strut  length  (foil  submergence) 


Equations  (7.5)  and  (7.6)  can  also  be  used  for  a  free  strut  that  has 
an  end  plate  at  its  lower  tip,  with  the  actual  end-plate  "height" 
being  substituted  for  the  foil  span,  b  . 


Low  Aspect  Ratio  Correction 

Strut  aspect  ratios  are  generally  low  for  most  hydrofoil  appli- 
cations,  and  the  E  factor  becomes  important,  as  indicated  in  Chapter  2. 
The  non-linear  effects,  which  are  based  on  flow  across  the  tips  (as 
shown  in  Chapter  2),  are  not  expected  to  be  present  on  a  surface- 
piercing  strut  supporting  a  foil,  since  there  is  no  flow  across  the 
tips  in  this  case,  and  equations  (7.5)  and  (7.6)  still  apply.  For  a 
free-ended  surface-piercing  strut,  there  is  flow  across  the  lower  tip, 
and  in  the  absence  of  specific  test  data,  it  is  assumed  that  the  non¬ 
linear  effect  is  1/2  that  for  a  submerged  foil  with  both  tips  free. 

Thus,  rewriting  equations  (7.2)  and  (7.3)  in  different  form  and 
adding  the  non-linear  terms,  we  get  for  free-ended  struts* 

Cs  =  sm  y  *  Sin'peosy  (7#7y 

JL  . 

Iff  1  A, 
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where 


* 


is  the  parasite  drag  coefficient  of  the  strut 
(including  spray  drag)  which  is  also  a  function 
of  yaw  angle*  If/  . 


(7.8) 


Correlation  with  Test  Data 

Tests  have  been  conducted  on  yawed  struts  at  E.T.T.^,  and  results 
for  free-ended  struts  are  shown  in  Figure  7.iw  In  the  non-ventilated 
region*  equation  (7.7)  is  seen  to  agree  closely  with  the  experimental 
results  for  side  force. 


For  the  drag*  was  estimated  to  be  0.012  including  spray* 

for  the  section  at  the  tested  speed.  Equation  (7.8)  was  then  evaluated 
(for  A  »  l/2  and  1,  which  are  identical.  A  *  2  gives  slightly  lower 
drag).  The  agreement  is  good. 
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SIDE  FORCE  AND  DRAG  CHARACTERISTICS 
OF  A  SURFACE  *  PIERCING  STRUT 


FIGURE  7.4 


( 
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DESIGN  EXAMPLE  NO.  7.1 


DETERMINE  THE  DRAG  &  SIDE  FORGE  CHARACTERISTICS 
OF  A  SURFACE-PIERCING  STRUT, PRIOR  TO  VENTILATION 


SECTION 

c:izn~ 

PLAN 


A  SINGLE  STRUT  OF  CONSTANT  SECTION  SUPPORTS 
A  RECTANGULAR  FOIL  AT  NMDSPAN.  THE  STRUT  IS 
VERTICAL  WITH  A  12" CHORD  AND  10%  THICKNESS. 
THE  FOIL  IS  S*  SPAN  X  12*  CHOROtWITH  A 
SUBMERGENCE  OF  2*.  AND  SUPPORTS  A  LIFT  OF 
6500  Lb.  AT  SB  KNOTS 


REQUIRED  PARTICULARS  , 

$  =  1^  *(35x1.69)*  0*80 

Foil  Lift  Coefficient .  <-l  1  0.31 

Foil  Aspect  Ratio  ,  A  *6 
Foil  submerqence/span  ratio ,  tyb « 1/3 
Strut  Aspect  Ratio,  As s  2 

Reynolds  namberf  59  0  sea  water) 1  - *  46  x  10 6 

STRUT  PARASITE  DRAG 

Section  Pm9  (From  Chapter 4) 

At  R 5  46  x  10*  ,  C^(std)  •  0.0041 

and  (CdJ  std  *  2x0.0041  [l+l0(0.10)*JD^  C|] 

1 0.00  90(R  Cj). 

From  pav,  e  7.6  and  Figure  7.3,  the  factor  of  additional 
dynamic  pressure  is 

(1+  0.35  xosi/6)*  =  1.036 

Then, 

CDo--  {.036x0.0090  (I +c£) 

=  0.0093(I+Cj) 


CONFIDENTIAL 


II  -  7. Ill 


CONFIDENTIAL 


STRUTS 


( 


» 


DESIGN  EXAMPLE  NO.  7.1 


SH  2  OF  2 


■STRUT  PARASITE  DRAG  (CONT'p) 

S  pray  Drag 

From  Figure  7.2,  take  tke.  average  value 
CD  *  0.020  Tor  a  biconvex,  sect  too 

"et 

TKen ,  assuming  Frontal  tliichness  van**  directly  a.3  tVi«  yaw  Angie 
t  ra.io  c.  r  V'c  *  cTo.io  ♦  Ifi) 
and  referring  Ike  Spray  drag  te  the  strut  area. 

C-  =  D»pray  s  D spray  »  Jl  •  A  Cj>  *  k  / 

ct  get  cfch  t  T 

Then  _  ,  n 

A  Cl  5  c,  (0.10  *  MV  *o.o20  =  0.O0(  ♦  O.Ot  <F 

D°  IT 


SIQE  FORCE  6  INDUCED  DRAG 

From  Equation  (7  5) 

s  .n  *  <ir»)  .  0.421 

dCj  27T  2.-n(,t  6) 

^5-  -.2.375 

av' 

From  Equation  (7.6) 

ASSl  =  A  £'.+?).  »  0.182 
2rr  0+6) 


TOTAL  CHARACTERISTICS 

Side  Force 

Cs  *  2.375  V 

Drag 

C0»  0.093  «.  0.001  -r  0.«q 3(2.3 7S^)*  +OAI  V  raif2  C237S’*9* 
*o.o?4  +  O.OHf*  + /.Sff 


.  S 


•S 


j 

I 
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3.  Characteristics  in  Yaw  When  Ventilated 
Inception  of  Ventilation 

As  indicated  in  Section  1  above ,  ventilation  is  due  to  some 
discontinuity  in  the  fluid  flow  at  the  water  surface*  In  the  case 
of  the  yawed  strut,  it  apparently  occurs  when  the  angle  of  yaw,  IfJ, 
exceeds  the  entrance  angle, ,  of  the  strut  section  at  the  surface, 
as  Indicated  by  .the  test  data  of  Figure  7*  It*  As  has  been  stated  in 
Chapter  3,  the  angle,  £  ,  is 


readily  determined  for  a 
section  with  sharp  leading 
edge,  but  has  no  exact 
definition  for  an  airfoil 
section.  It  appears  reason¬ 
able  to  use  the  angle  formed 
by  a  circular  arc  tangent  to 
the  section  at  the  point  of 
maximal  thickness  and  pass¬ 


ing  through  the  leading  edge,  as  shown  in  Figure  7.5. 

Lift  mad  Drag 

The  characteristics  of  a  fully  ventilated  strut  are  similar  to 
those  of  ventilated  foils,  as  treated  in  Chapter  3,  Thus  for  a  flat 


( 
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plats  strut  with  no  flow  across  the  tips,  the  normal  fores  Is 

cN  *  ata.ig  (7.o) 

+  + IT  sin  V 

For  a  surface-piercing  strut  with  foil  attaehsd  at  ths  lower  tip, 
there  Is  no  cross  flow  at  the  tips  and  equation  (7.9)  should  apply. 

For  a  free-ended  strut,  there  is  cross  flow  at  the  free  tip  and  the 
resultant  normal  force  is  somewhat  reduced. 


In  practical  applications,  strut  sections  are  not  flat  on  the 
pressure  side.  The  angle  ft  in  equation  (7*9)  must  therefore  he 
measured  from  the  angle  of  sero  side  force,  which  is  indicated  5.n 
Chapter  3  for  ventilated  foils  to  be  the  angle  at  which  the  trailing 
edge  on  the  pressure  side  is  in  line  with  the  fluid  flow.  For 
synuetrical  struts,  this  is  the  angle  of  run  (the  angle  ^  for  the 
trailing  edge).  Thus,  the  equation  for  side  force  in  ventilated  con-  ~ 
ditlon  is 


C<  *  ify  9m 9/ mV*  (7.io) 

^  4  /raw  p' 

where  Ify  is  a  factor  depending  on  the  conditions  at 
the  strut  tips  (1.0  for  no  cross  flow) 

ft*  is  the  yaw  angle  msacured  from  the  angle  of 
sero  side  force  (in  ventilated  condition). 

The  drag  is  not  similarly  reduced,  however,  being  mainly  dependent 
on  the  frontal  area  of  the  strut  exposed  to  tin  stream  flair.  Thus,  it 
is  primarily  a  function  of  tha  actual  yaw  angle,  modified  to  dome  pre¬ 
sently  unknown  degree  by  section  shape.  Tentatively,  it  is  considered 


oowiBBrruL 


n  -  7.17 


CONFIDENTIAL 


STRUTS 


l 


that  tha  drag  component  of  the  baeic  flat  plate  normal  force  be 
applied  (modified  as  required  for  free  tips).  Thust 


.  b  zff  ftm1  V 

T  ''V  T 

4+ITsu*. 


(7.11) 


where  is  the  actual  yaw  angle 

Cjj^  is  the  parasite  drag  coefficient  of  the  strut 
(including  spray).  The  friction  drag  in  this 
case  is  1/2  that  in  regular  flow  since  only 
one  side  of  the  strut  is  wetted. 


Comparison  with  Teat  Data 

For  the  12%  double  arc  struts  used  in  the  I.T.T.-’  tests,  the 
entrance  angle  is  •  13.9*  (for  leading  and  trailing  edges).  The 
data  of  Figure  7. It  indicates  the  inception  of  ventilation  to  occur 
between  lit*  and  l£*. 

The  lift  data  in  ventilated  condition  shows  a  reasonable  fit  with 
equation  (7.10),  using  a  factor  4y  ■  3A  *nd  measuring  from  the  angle 
of  13.9* . 

For  the  drag  in  ventilated  condition,  was  taken  as  0.006 

(1/2  of  that  for  the  non-vsnkllsted  dees).  Being the  faster  kv  •  3/k 

derived  shove,  equation  (7.11)  is  shown  in  the  figure,  and  appears  to 

\ 

be  a  reasonable  estimate  of  the  drag. 

As  previously  stated,  more  test  data  on  a  variety  of  struts  under 
various  conditions  is  required  before  more  reliable  design  formulas 

can  be  advanced  and  rsliabls  factors  established. 
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li.  Height  of  Spray 

The  spray  produced  by  a  strut  is  primarily  a  function  of  the 
frontal  area  of  the  strut  (projected  area  normal  to  the  fluid  flow) 
in  association  with  the  speed  of  advance.  Hoemer^  has  analysed  avail¬ 
able  data  on  spray  height,  for  struts  at  various  angles  of  yaw.  His 
results  can  be  summarised!  in  the  following  formula. 

hi  x  0.S6  Fp  (fc),  ©.C2d  FS  f  (7.12) 

where  hK  is  the  mawimum  height  of  spray 
dj  is  the  strut  ohord 

F„  is  the  Froude  number  based  on  forebody  length 
('  is  the  Froude  number  based  on  strut  ohord 

'V-tr— ■ 

(%)i  is  the  strut  thickness  ratio 
is  the  angle  of  yaw. 

Equation  (7.12)  must  be  considered  preliminary,  being  based  on  a 
minimum  of  data.  In  particular,  the  latter  terms  which  include  yaw  is 
based  on  tests  run  at  low  Reynolds  number  (1  s  10^)  and  Froude  number 
(  »  2.9),  and  may  net  represent  conditions  at  usual  operating 

speeds. 
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CHAPTER  8.  SUPPER  CHARACTBRI3TIG>$ 

1.  Description  of  Types 

2.  Characteristics  of  All-Movable 
Rudders 

3.  Characteristics  of  Flap  Rudders 
i*.  Rudders  on  Hulls 


The  types  of  rudders  likely  to  be  employed  on  hydrofoil  craft 
are  discussed  and  categorized.  It  is  shown  that  rudder  character¬ 
istics  can  be  derived  from  pertinent  foil  and  strut  properties 
presented  in  previous  chapters. 
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1.  Description  of  Types 

Rudders  on  hydrofoil  craft  may  be  considered  in  two  broad 
categories}  first,  as  applied  to  the  foil  configuration  when  in  flying 
attitude;  second,  as  applied  to  the  hull,  prior  to  take-off. 

For  some  simpler  configurations,  one  rudder  or  system  of  rudders 
is  used  for  both  purposes,  whereas  in  others  independent  rudders  are 
used  for  each  type  of  operation.  The  choice  lies  in  the  selection  of 
the  configuration  to  be  employed  and  is  a  matter  of  overall  design. 
However,  the  pertinent  hydrodynamic  characteristics  of  the  rudder 
depend  on  its  relative  location  and  intended  function. 

Thus,  rudders  that  are  essentially  part  c £  the  foil  configuration 
and  are  used  in  foilbome  operations  can  be  treated  in  accordance  with 
the  foil  principles  set  forth  in  previous  chapters.  For  rudders  that 
are  essentially  part  of  the  hull  configuration  (being  used  primarily 
for  hull  borne  operations),  the  various  Influences  of  the  adjacent 
hull  must  be  taken  into  account. 

There  are  two  main  types  of  rudders  to  be  considered:  first, 
the  all-movable  rudder  which  is  also  referred  to  as  a  balanced  rudder 
(since  the  pivot  point  can  be  located  at  the  center  of  pressure),  and 
secondly,  the  flap  rudder  which  is  located  behind  a  streamlined  post 
and  is  essentially  a  flap  pivoting  behind  a  fixed  strut  (similar  to 
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a  flap  on  a  foil).  The  character¬ 
istics  of  each  type  also  depend  on 
whether  the  rudder  if  fully  sub¬ 
merged  or  surface^piercing. 

There  are  variations  which 
combine  both  types  to  some  degree, 
the  characteristics  of  which  can 
be  reasonably  determined  from 
those  of  the  basic  types. 


FLAP 


BASIC  RUDDER  TYPES 
FIGURE  8.1 
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2.  Characteristics  of  All-Movable  Rudders 
Fully-Submerged  Rudders 

Rudders  that  are  fully  submerged  are  essentially  considered  to  have 
the  same  hydrodynamic  characteristics  as  a  foil  and  thus  the  lift  or 
side  force,  drag  and  moment  of  the  rudder  can  be  readily  determined  by 
the  principles  set  forth  in  Chapters  1  and  2. 

Since  fully  submerged  rudders  are  usually  of  small  aspect  ratio, 
the  lifting  surface  theo:  j  should  be  applied. 

Reference  should  therefore  be  made  to  those  chapters  for  the 
methods  and  formulas  to  be  used,  with  the  following  changes  in  notation 
to  be  employed: 

Cs  the  side  force  coefficient,  instead  of  CL 
4,  the  rudder  deflection  angle,  instead  of  ct 
the  "span"  of  the  rudder  (height). 

Surface-Piercing  All -Movable  Rudders 

All -movable  rudders  that  extend  through  the  water  surface  are 
essentially  surface -piercing  struts,  insofar  as  the  hydrodynamic 
characteristics  are  concerned.  Thus,  the  material  given  in  Chapter  7 
for  struts  can  apply  directly  to  the  rudders  of  the  same  type,  the 
only  distinction  being  that  the  rudder  is  referred  to: 
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SK  ,  the  rudder  deflection  angle  instead  of 
ly  ,  the  strut  yaw  angle. 

This  applies  to  ventilated  as  well  as  non-ventilated  condition, 
including  the  end-plate  effect  of  any  foil,  nacelle,  end  plate,  etc. 
on  the  lower  tip. 
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3.  Characteristics  of  Flap  Rudders 

As  illustrated  in  Figure  8.1,  a  flap  rudder  is  essentially  the 
after  portion  of  a  strut  so  arranged  to  pivot  (as  a  flap)  behind  the 
fixed  forward  portion.  As  such,  it  is  similar  to  a  foil  with  plain 
flap  and  its  hydrodynamic  characteristics  can  be  determined  from  the 
principles  of  flaps  given  in  Chapter  J>. 


Side  Force  of  Flap  Rudders 


Thus,  from  equation  (5>.li),  with  appropriate  changes  in  notation 
(and  noting  the  angle  of  zero  lift  is  zero  for  sysmetrical  sections, 
as  usually  employed  on  rudders),  the  side  force  can  be  given  for  sub¬ 
merged  or  surface-piercing  rudders i 


Cs 


(8.1) 


where  Cs  is  the  side  force  coefficient,  based  on 
total  side  area  of  the  strut -flap 

MG  |  is  the  side  force  curve  slope  of  the  unflapped 
strut,  as  determined  above  or  in  Chapter  7,  for 
the  submerged  or  surface-piercing  case,  as 
required. 


iff  is  the  angle  of  yaw  6f  the  fixed  strut  section 
<£  is  the  flap  deflection  angle 
is  an  effectiveness  factor. 
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The  effectiveness  is  given  in  Chapter  5  as 

kj  *  M  \f 9/c  (8*2) 

where  <yy£  is  the  flap  chord/total  seotion  chord  ratio* 

Equation  (8*2)  is  considered  valid  for  flap  deflections  of  loss  than 
1$*  and  flap  chords  less  than  70£  of  the  total  chord* 

Other  Characteristics 

Generally*  then*  all  of  the  flap  rudder  characteristics  can 
readily  be  determined  from  the  principles  set  forth  on  flaps  In 
Chapter  £  in  conjunction  with  the  basic  strut  characteristics  set 
forth  in  Chapter  7*  Hinge  moments*  partial-span  flaps*  drag*  etc. 
can  all  be  obtained  with  the  same  degree  of  accuracy  as  for  foil  flaps* 

Ventilation 

The  ventilating  characteristics  of  surfaoe-^ieroing  flap  rudders 
are  expected  oo  be  somewhat  different  from  those  of  struts  and  all- 
movable  rudders*  It  is  considered  that  since  the  flap  rudder  gets 
its  lift  due  to  change  in  camber  Instead  of  change  in  angle  of  attaok* 
the  flow  across  the  leading  edge  of  the  seotion  is  not  as  great  as  in 
the  other  cases  and  thus  the  flap  rudder  should  not  ventilate  as 
readily  (i*e*  it  should  be  capable  of  higher  side  foroe  prior  to 
Ventilation).  There  is  no  known  data  available  to  support  (or  disprove) 
this  contention,  and  therefore  tests  are  required  before  design 
formulas  can  be  presented. 
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1*.  Rudders  on  Hulls 

Auxiliary  rudders  are  sometimes  employed  to  provide  steering  when 
the  craft  is  hull  borne,  prior  to  take-off.  Such  rudders  are  attached 
to  or  in  close  proximity  to  the  hull  and  usually  rise  clear  of  the 
water  after  take-off. 

For  the  type  of  hull  usually  employed  in  hydrofoil  craft,  these 
rudders  would  be  located  beneath  the  hull.  Thus,  no  consideration  need 
be  given  to  surface-piercing  rudders  for  the  low  speed  range  (low 
Froude  and  Reynolds  numbers)  prior  to  take-off. 

Hull  rudders  may,  therefore,  be  treated  as  lifting  surfaces  in 
an  infinite  fluid,  and  the  theory  of  small  aspect  ratio  foils  can  be 
employed  to  determine  their  hydrodynamic  characteristics,  taking  into 
account  the  influence  of  the  hull. 

Theoretically,  the  influence  of  the  hull  is  to  double  the 
effective  aspect  ratio  of  the  rudder,  when  the  rudder  is  attached 
directly  to  the  hull  (zero  clearance).  As  the  clearance  increases 
the  effectiveness  is  decreased,  so  that  at  about  a  clearance  equal  to 
l/2  the  rudder  height  the  rudder  is  free  of  any  bull  effects.  (This 
can  be  shown  quantitatively,  from  the  treatment  of  air  gap  in  a  wing, 
given  by  Durand1).  To  what  extent  viscous  effects  influence  the 
rudder  effectiveness  (boundary  layer  effects  on  the  clearance  and  on 
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the  rudder  itself)  is  not  known  specifically  and  cannot  be  generalized 
due  to  the  variety  of  possible  arrangements  on  the  hull-rudder  geometry. 

Much  infomation  on  the  characteristics  of  hull  rudders,  the  effect 

of  various  influences  and  practical  approaches  to  design  can  be  gotten 

2  1 

from  various  marine  sources* , . 


( 


( 
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CHAPTER  g.  CHARACTERISTICS  OF  NACELLES  AND  SMALL  APPENDAGES 

1.  Nacelle  Size  and  Shape 

2.  Characteristics  of  Isolated  Nacelles 

3.  Characteristics  of  Nacelles  in  a  Foil 
Configuration 

In  Drag  of  Small  Appendages 


The  typical  geometry  of  nacelles  used  in  hydrofoil  application 
is  indicated  and  data  on  the  lift,  drag,  and  pitching  moment  of 
Isolated  nacelles  is  given.  The  characteristics  of  various  nacelles 
in  configurations  are  discussed  qualitatively  and  procedures  for 
determining  and  using  various  data  are  given.  The  drags  of  misc¬ 
ellaneous  small  bodies  are  tabulated. 
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1°  Nacelle  Size  and  Shape 

In  hydrofoil  applications,  nacelles  are  used  primarily  for  pro¬ 
pulsion  and  transmission  machinery.  Characteristically,  nacelles  are 
streamlined  in  shape,  with  cross-sections  varying  from  circular  to 
rectangular  (at  their  largest  sections)  which  generally  are  faired 
into  rounded  noses  and  conical  tails. 

The  hydrodynamic  characteristics  of  nacelles  are  commonly  ex¬ 
pressed  in  coefficient  form,  usually  based  on  the  wetted  surface  of 
the  nacelle  (in  marine  applications). 

The  drag  of  a  long  slender  nacelle  (submarine,  airship, 
etc.)  with  its  axis  in  the  direction  of  flight  Is  pri¬ 
marily  due  to  friction,  and  thus  the  wetted  surface  is 
the  most  important  reference  area  in  this  regard. 

However,  it  is  conventient  in  most  cases  to  refer  the  nacelle 
characteristics  to  the  frontal  area  (maximum  cross-section),  which 
is  more  readily  determined  in  pre3 1  urinary  investigations  and  which 
is  important  in  evaluating  the  optimum  nacelle  geometry  for  a  given 
application. 

The  ratio  of  the  wetted  area  to  the  frontal  area  is  approximately 
given"*-  for  most  nacelle  shapes  as  s 

*  3  (9.1) 

So 
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where 


JL  is  the  length  of  the  nacelle 

&  is  the  diameter  (or  equivalent  diameter  for  non- 
circular  shapes)  at  the  maximum  cross-section 

Swe  t  is  wetted  surface  of  nacelle 

SD  is  frontal  area  (maximum  cross-sectional  area). 
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Characteristics  of  Isolated  Nacelles 

Parasite  Drag  with  Flow  Parallel  to  Nacelle  Axis 

The  parasite  drag  of  a  nacelle  in  an  infinite  fluid  is  composed 
of  friction  drag  and  pressure  drag.  For  a  long  slender  body  (high  4 in 
the  friction  drag  is  most  important;  for  a  blunt  body  (low  e/d)  the 
pressure  drag  is  predominant „  Thus*  the  total  parasite  drag  is  a 
function  of  the  various  shape  parameters  of  the  nacelle. 

Experimental  data  on  a  variety  of  aircraft  bodies  (airships, 
fuselages,  etc.)  is  available  in  N.A.C.A.  reports*.  Gertler^  gives 
results  for  streamlined  bodies  of  revolution  of  high  i4U- 

U  to  10).  From  such  sources,  the  parasite  drag  can  be  accurately 
determined. 

From  an  analysis  of  such  data,  Hoerner^  gives  an  empirical 
which  can  be  used  for  preliminary  purposes  with  good  accuracy, 
terms  of  the  wetted  area,  this  formula  is 

W4*)4] 

and  by  substituting  equation  (9.1),  the  formula  in  terms  of  the 
area  iss 


formula 

In 

(9.2) 

frontal 


*  See  N.A.C.A.  "Index  of  NACA 
Technical  Publications",  19i;9 
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CDa  =  Cj  [i.s  +  3  ^/d  +  ie^)M  c  9«  3) 

where  Cj.  is  the  i'rietionai  drag  coefficient  based  on 

wetted  area  (see  Chapter  ii)  at  the  aonropriate 
Reynolds  number  based  on  the  length  of  the 
nacelle- 

f/d  is  ^he  length/ diameter  ratio,  as  indicated 
above . 

Figure  9.1  (taken  from,  reference  1)  shows  the  frontal  drag 
coefficient  as  given  in 
equation(9.3),  and  as 
derived  from  experimental 
data.  The  optimum  44  i= 
seen  to  be  close  to  2  for 
such  isolated  nacelles.  (As 
shown  in  the  following 
section,  the  optimum  44  of 
the  nacelle  is  larger  when 
in  conjunction  with  a  foil.) 


NACELLE  FRONTAL  DRAG  COEFFICIENT 

FIGURE  9.1 
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Wave  Drag  of  Nacelles 

9 

In  his  tests  on  streamlined  bodies  of  revolution,  Gertler^ 
also  determined  the  wave  drag  of  bodies  with  =  7  at  sub¬ 

mergences  slightly  greater  than  1  diameter.  From  this  data,  it  is 
indicated  that  the  wave  drag  component  is  appreciable  at  lew  Froude 
numbers  (based  on  the  body  length)  but  is  negligible  above  Froude 
numbers  of  1.0  to  1.5*  Figure  9*2  shows  the  results  for  one  of  the 
bodies  tested,  from  which  estimates  may  be  made  for  other  cases  in 
the  absence  of  specific  test  data. 


FIGURE  9.2 
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Characteristica  at  Angles  of  Attack 

Nacelles  may  be  considered  to  be  foils  of  small  aspect  ratio  in 
analyzing  the  lift,  drag  and  moment  characteristics  at  angle  of  attack. 
However,  due  to  the  shape  of  the  body,  the  large  "thickness"  and 
different  "tip  conditions",  such  analysis  would  be  qualitative  onlyj 
and  reliable  values  can  only  be  determined  from  experimental  data,  as 
is  available  in  reports  on  airship  and  fuselage  characteristics  (see 
NACA  Index  of  Technical  Publications).  Where  the  submergence  and 
Froude  number  are  small,  tank  tests  should  be  run  in  order  to  determine 
the  characteristics  more  exactly  as  influenced  by  the  water  surface. 

Figure  9.3  gives  some  representative  data,  as  shown  by  Hoerner*-, 
and  as  given  by  Jacobs  and  Ward-^  for  seveial  fuselage  shapes.  The 
lift  and  drag  coefficients  are  based  on  frontal  area.  The  moment 
coefficient  about  the  quarter  length  is  based  on  frontal  area  and 
fuselage  length. 
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3"  Characteristics  of  Nacelles  in  a  Foil  Configuration 
General  Considerations 

When  superimposed  on  a  foil  configuration,  the  nacelle  exhibits 
somewhat  different  characteristics  than  when  isolated.  There  is  a 
mutual  interference  effect  on  both  foil  and  nacelle,  which  is  re¬ 
flected  in  different  values  of  lift,  drag  and  moment  for  the  entire 
configuration. 


In  the  analysis  of  such  configurations,  the  standard 
procedure  is  to  maintain  the  total  foil  area,  as  if 
the  nacelle  were  not  present.  The  superposition  of  a 
nacelle  which  replaces  some  of  the  foil  will  actually 
reduce  the  foil  area,  resulting  in  a  reduction  in  foil 
parasite  drag  from  that  basically  considered.  There¬ 
fore,  it  must  be  kept  in  mind  that  the  nacelle  char¬ 
acteristics  determined  from  tests,  wherein  the  basic 
foil  drag  is  deducted  from  the  total  configuration 
drag,  consists  of  several  additive  components  (the 
basic  nacelle  drag,  the  interference  drags  on  both 
wing  and  body,  and  an  induced  drag  increment  due  to 
change  in  foil  lift  distribution  at  the  nacelle) 
and  a  deductive  component  (the  parasite  drag  of  the 
foil  enclosed  by  the  nacelle). 


The  total  effect  of  superimposing  the  nacelle  on  the  foil  cannot 
readily  be  ascertained  for  the  general  case,  due  to  the  large  number  of 
factors  involved.  Several  factors  are  s 

(a)  the  characteristics  and  geometry  of  the  isolated  nacelle 

(b)  the  characteristics  and  geometry  of  the  foil 

(c)  the  angle  of  attack 
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(d)  the  relative  size  of  nacelle  and  foil 

(e)  the  relative  location  of  nacelle  in  vertical, 
horizontal  and  spanwise  directions 

(f)  the  extent  of  fairing  at  the  foil-nacelle  junctions. 


Qualitative  Results  of  Tests 


Examination  of  data  on  wind-tunnel  tests  of  various  nacelle-foil 
combinations  does  indicate  certain  trends,  which  are  given  for  a 
general  guide  in  evaluating  configurations. 


(a)  Typical  airplane  nacelles  mounted  on  a  wing  are  of  low 

£/<l>  with  an  overall  length  of  the  same  magnitude  as  the 
foil  chord.  The  drag  of  such  nacelles  tend  to  be  large*1. 

(b)  Nacelles  and  fuselages  of  higher  f/d  ,  and  which  also  have 

a  length  appreciably  greater  than  the  foil  chord,  show  small 
increases  in  nacelle  drag  depending  on  the  vertical  location 
of  the  nacelles  with  respect  to  the  foil.  Hoernerl  shows 
the  nacelle  drag  for  various  ’’high-wing"  arrangements  (the 
results  of  one  analysis  are  shown  in  Figure  9.1),  which 
indicates  the  optimum  £/d  for  the  nacelle  to  be  nearly 
7.0,  and  the  drag  for  nacelles  of  larger  to  be  about 

2 0%  higher  than  when  isolated  from  the  foil. 


(c)  For  similar  nacelles  and  fuselages  as  in  (b)  above,  but  with 
"mid-wing”  arrangement,  the  net  nacelle  drag  is  slightly 
decreased  according  to  tests  conducted  by  Jacobs  and  Ward-^. 
This  condition  generally  holds  true  for  the  range  of  vertical 
positions,  where  the  drag  would  be  generally  as  indicated  in 
(b)  above.  For  the  complete  characteristics  of  these  "mid¬ 
wing"  configurations,  Jacobs  and  Ward  observe  that  the  simple 
adding  of  the  independent  foil  and  nacelle  characteristics 
(lift,  drag  and  moment)  shows  very  good  agreement  with  the 
data  (without  further  consideration  of  interference,  etc.) 
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(d)  The  addition  of  suitable  fairings  at  the  foil-nacelle 

junction  tends  to  reduce  the  drag  appreciably,  particularly 
for  high  or  low  wing  arrangements. 

Recommended  Methods 

For  accurate  determination  of  the  characteristics  of  nacelle-foil 
configurations,  tank  tests  should  be  run  on  the  contemplated  configur¬ 
ation  through  the  range  of  speed,  attitude,  and  submergence  anticipated 
in  the  design.  Under  certain  conditions,  data  taken  from  pertinent 
wind-tunnel  tests  on  similar  configurations  may  be  suitable. 

However,  for  preliminary  purposes,  a  simple  approximation  may  be 
used  that  is  considered  reasonably  accurate  for  hydrofoil  applications* 

(a)  The  parasite  drag  of  the  configuration  is  simply  that  of  the 
isolated  nacelle  (at  zero  lift)  added  to  the  rest  of  the 
configuration. 

(b)  The  lift  and  moment  characteristics  are  considered  those  of 
the  foil  alone,  when  the  nacelle  quarter-length  is  in  line 
with  the  foil  quarter  chord. 

This  procedure  is  recommended  only  when  reasonable  fairings  are 
employed  at  the  foil-nacelle  Junction. 
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Drag  of  Small  Appendages 

In  a  practical  hydrofoil  configuration,  there  is  apt  to  be  small  t 
protuberances  or  isolated  bodies  installed  for  purposes  of  control, 
instrumentation,  access,  etc.  In  preliminary  considerations  these  may 
generally  be  disregarded,  but  where  careful  estimates  of  drag  must  be 
made  for  performance  or  structural  purposes  their  characteristics 
should  be  noted. 

Hoernerl  gives  a  comprehensive  coverage  of  the  drag  of  many 
bodies  conceivably  to  be  found  in  hydrofoil  configurations,  and 
reference  should  be  made  to  that  work  for  the  details. 

As  a  general  guide,  Table  9.1  gives  the  drag  characteristics  of 
some  of  the  more  common  shapes. 

Where  such  bodies  are  isolated  from  major  components  of  the  con¬ 
figuration,  the  given  values  can  be  used.  However,  when  attached  to 
a  foil  or  strut,  consideration  must  be  given  to  mutual  interference 
effects,  boundary  layer  effects,  etc.  in  accordance  with  principles 
previously  set  forth. 
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TABLE  9.1 

APPROXIMATE  VALUES  OF  DRAG 
COEFFICIENT  FOR  VARIOUS  BODY  FORMS 


Form  of  Body 

R_ 

(based  on  D  ) 

Cpo 

ba!sea  on 

frontal 

area 

Circular  disk  (  D  -  diameter) 

>  103 

1.12 

Tandem  disks  (  L  -  spacing) 

0 

>  103 

1.12 

(  D  m  diameter) 

1 

0.93 

2 

l.Oli 

3 

1.5U 

Rectangular  plate  ( X  to  flow) 

1 

>103 

1.16 

(  L  *  length) 

5 

1.20 

(  0  *  breadth) 

20 

1.50 

09 

1.95 

Circular  cylinder  (axis  II  to  flow) 

0 

>103 

1.12 

(  L  »  length) 

1 

0.91 

(  D  *  diameter) 

2 

0.85 

h 

0.87 

7 

0.99 

Circular  cylinder  (axis  i-  to  flow) 

1 

105 

0.63 

(  L  *  length) 

3 

0.72* 

(  D  *  diameter) 

20 

0.90 

09 

1.20 

5 

>5x1 0* 

0.35 

oo 

0.33 

Hemispheres  Hollow  upstream 

>103 

1.33 

Hollow  downstream 

0.3U 

(  D  *  diameter) 

Sphere  (  D  -  diameter) 

1 05  w 

0.1*7 

>3  X  lo5 

0.20 

Ellipsoid  (ls3,  major  axis  II  to  flow) 

>  2  x  lo5 

0.06 

(  D  »  diameter) 
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CHAPTER  10.  SKID  CHARACTERISTICS 

1.  General  Considerations 

2.  Lift  and  Vetted  Length 

3.  Drag  and  Pitohing  Moment 


The  application  of  skids  is  discussed,  and  data  on  the  lift 
of  skids  of  various  geometry  is  given.  Drag  and  pitching  moment 
are  shown  to  be  obtained  from  the  lift  values. 
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1.  General  Considerations 

Small  lifting  components  that  plane  on  the  water  surface  are 
used  on  certain  hydrofoil  configurations  for  the  purposes  of  control 
(sensing  the  water  surface)  and  for  the  combined  purpose  of  control 
and  lift  (as  on  the  Grunberg 
type  configuration)#  Such  com¬ 
ponents  are  essentially  flat 
plates  of  small  aspect  ratio 
and  are  commonly  known  as  skids. 

The  main  feature  of  skids  as  com¬ 
pared  to  foils  is  their  high 
sensitivity  to  change  in 
submergence. 

As  applied  to  hydrofoil  craft,  skids  are  comparatively  small  in  5 

size  with  consequent  high  Froude  numbers,  and  operate  at  large  trim 
angles.  Since  typical  planing  hull  data  (referred  to  in  Chapter  11) 
is  in  the  range  of  lower  Froude  numbers  and  low  trim  angles,  such 
hull  data  is  generally  not  applicable  to  planing  skids.  Therefore, 
specific  flat  plate  data  for  the  appropriate  range  of  operating 
conditions  must  be  employed. 

The  notation  used  in  presenting  and  analyzing  planing  data  is 
somewhat  different  from  airfoil  notation,  although  conversion  is 
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readily  made.  The  important  planing  notation  (using  NACA  "seaplane" 
coefficients)  is  as  follows? 

Cv  =  s/4^b~  "speed  coefficient" 

C*  =  ^/ur^  "load  coefficient" 

CL  *  W/^vat>*  lift  coefficient  based  on  the  square  of 

b  '  the  beam  CC Lb  *  2  ^/Cvl) 

A  -  -4»/k  "wetted  length  ratio" 

(the  reciprocal  of  the  aspect  ratio) 

where  T  is  the  angle  of  trim  in  degrees 
V  is  speed,  ft/sec 

is  mean  wetted  length  of  the  plate,  ft 
(see  Figure  10.1) 

b  is  breadth  of  plate  (beam,  span)  -  ft. 

W  is  load  on  plate  (lift),  lbs. 

p  is  the  density  of  the  fluid 

<j  is  acceleration  of  gravity 

\js  is  the  specific  weight  of  the  fluid  lb/ft-^ 

(ur  =  fj) 
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2.  Lift  and  Wetted  Length 

At  the  present  time  there  is  no  complete  three -'dimensional  planing 
theory  available  which  correctly  predicts  the  lift,  wetted  length,  etc. 
over  the  range  met  in  practice.  An  empirical  equation  has  been  derived 
by  ETT^  which  is  good  within  certain  limits  of  trim,  loading,  etc. 

p 

NACA  has  extended  the  range  of  variables  for  the  high  speed  case 
(where  buoyancy  effects  are  negligible).  Both  sources  also  give  the 
influence  of  certain  variations  from  the  flat  plate  (deadrise,  chine 
flare,  etc.) 

Data  based  on  the  NACA  tests  is  presented  in  Figure  10.2,  wherein 
the  "lift  coefficient"  can  be  determined  as  a  function  of  trim 

angle  and  X  o 


Generally,  since  the  wetted  length  is  difficult  to  pre¬ 
determine,  the  normal  design  procedure  is  to  determine 
from  the  trim  and  balance  of  the  entire  craft.  Then 
for  various  trim  angles,  the  wetted  length  can  be 
determined. 


In  addition  to  the  flat  plate  data.  Figure  10.2  shows  the  lift  of 
skids  with  various  deadrise  and  local  chine  conditions  as  a  percentage 
of  the  corresponding  flat  plate  lift.  Thus,  must  be  corrected  by 

the  factor,  fe.  ,  for  the  pertinent  case  as  given  in  the  figure. 

These  values  of  fe  are  average,  computed  from  the  NACA 
data  for  operating  conditions  expected  to  be  met  by 
skids,  and  are  considered  sufficiently  accurate  for 
engineering  purposes.  For  greater  accuracy,  reference 
should  be  made  to  the  original  reports 2. 
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3.  Drag  and  Pitching  Moment 

The  drag  of  the  skid  may  be  found  by  calculating  the  induced  drag 
and  the  frictional  drag  separately,  although  the  latter  is  seldom 
important  in  a  practical  case  due  to  the  high  trim  angles  (i.e.  the 
induced  drag  is  predominant.) 

The  induced  drag  is  simply  given  by 

=  W  -hi n  'X 

since  the  dynamic  pressures  act  normal  to  the  plate.  The  frictional 
drag  is  easily  determined  (see  Chapter  U)  once  the  wetted  length  is 
found,  as  above. 

From  test  data,  the  center  of  pressure  is  found  to  be  about  70% 
of  the  mean  wetted  length  forward  of  the  trailing  edge.  This  value 
may  be  used  for  all  high  speed  skids  without  serious  error. 
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NACA  Technical 
Note  No. 

Deadrise  Tested 

Type  of  Chine  Detail 

28ol* 

20* 

Horz.  Flare 

281*2 

1*0° 

Horz.  Flare 

2876 

20°  and  1*0° 

Plain 

2981 

0“ 

Plain 

3052 

20°  uid  her 

Vertical  Strips 
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CHAPTER  11.  HULL  DRAG 

1*  General  Cone iderat ions 

2.  Basic  Hull  Drag 

3.  Hull  Unloading 
Characteristics 

li.  Air  Drag 


Reference  is  made  to  standard  marine  and  seaplane  data  for 
determining  the  basJc  hull  drag.  Drag  through  the  unloading  range 
can  be  approximated  by  a  simplified  method,  as  a  function  of  the 
basic  drag,  as  shewn.  A  formula  for  the  air  drag  is  given,  as  a 
function  of  the  hull  shape,  based  on  existing  data. 
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1.  General  Considerations 

The  drag  of  the  hull  is  an  important  component  of  the  total  drag 
at  speeds  below  take-off.  At  comparatively  slow  speeds  when  the  foil 
system  provides  virtually  no  lift  (or  for  controllable  foils  when  set 
at  zero  lift)  the  hull  supports  nearly  all  of  the  required  weight  due 
to  its  displacement  and/or  planing  action  (if  any).  Thus,  the  drag 
of  the  hull  for  this  condition  must  be  determined. 

Through  the  take-off  range,  the  hull  is  gradually  ,,unloaded,,  by 
the  lift  of  the  foils  with  consequent  raising  of  the  craft  and  re¬ 
duction  in  hull  drag.  The  hull  drag  in  this  range  is  most  readily 
expressed  as  a  percentage  of  the  drag  of  the  fully  waterborne  hull, 
as  is  indicated  below. 

The  air  drag  of  the  hull  becomes  Important  at  the  high  speeds 
beyond  take-off  when  the  hull  is  completely  clear  of  the  water. 

In  an  important  hydrofoil  craft  design,  model  test  data  should 
be  obtained  directly  for  the  hull  to  be  employed.  However,  for  pre¬ 
liminary  purposes,  the  methods  and  formulas  proposed  herein  should 
be  adequate. 
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2.  Basic  Hull  Drag 

Theoretical  methods  of  calculating  the  resistance  of  waterborne 
craft  are  available-'-^,  but  the  calculations  are  arduous  and  the 
results  are  not  as  reliable  as  those  obtained  from  model  tests. 

There  are  several  systematic  series  of  model  tests  available^* ^,5 
on  various  types  of  hull  form  along  with  some  collections  of  results^*? 
on  large  numbers  of  specific  designs.  Table  11.1  lists  some  of  these 
sources  along  with  a  description  of  the  variations  tested  and  the  data 
reported. 


Since  there  is  a  wide  variety  of  hull  forms  possible 
for  application  to  hydrofoil  craft,  and  since  all  of 
the  basic  data  is  readily  available  in  the  referenced 
works,  it  shall  not  be  produced  herein. 

The  methods  of  applying  the  data  in  each  case  is  given  in  the 
sources,  and  are  also  described  in  standard  references®^.  The  main 
difficulty  in  utilizing  the  results  usually  occurs  in  the  selection 
of  coefficients  in  the  series  to  give  a  hull  form  as  similar  as 
possible  to  the  one  in  question.  In  this  respect,  a  general  guide 
can  be  given,  based  on  the  Troude  concept  of  ship  model  testing,  as 
follows. 

The  resistance  of  the  model  is  assumed  to  be  separable  into  two 
components j  the  "frictional"  due  to  viscous  effects  and  depending  on 
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Flying  Boat  Models 

100  individual  sea-  Cv  0  -  15  None  Resistance,  Trim 

plane  models  Stability 
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the  wetted  surface  and  Reynolds  number,  and  the  •’residual*  which 
influences  the  wave  resistance  and  "eddy-making*1  (separation  effects) 
depending  on  the  Froude  numbers  The  model  is  tested  at  the  same  Froude 
number  as  experienced  by  the  full  sized  ship,  and  the  model  results  are 
corrected  by  assuming  the  frictional  resistance  to  be  that  of  a  plank 
of  the  same  area  and  Reynolds  number  in  each  case  (ship  and  model). 

Test  data  on  planks  is  available  for  making  this  correction3-®. 


The  Froude  and  Reynolds  numbers  are  defined  on  the  basis  of  speed 
and  length  as  follows: 


Froude  number 
Reynolds  number 


v//p- 


where  V  ■  speed  of  advance  in  ft/sec 

JL  -  length  in  ft. 

-  acceleration  of  gravity  in  ft/sec2 
"V  ■  kinematic  viscosity  in  ft2/sec 

The  length  "£  "  is  usually  defined  as  the  wetted  length  of  the  ship  in 
the  direction  of  motion  with  the  exception  of  some  data  on  seaplane 
models  where  (for  use  in  the  Froude  number  only)  the  beam  ’•b"  of  the 
model  is  used.  In  ship  parlance  the  Froude  number  is  usually 
abbreviated  excluding  the  constant  Hgn  and  using  the  speed  in  knots 
Definitions  of  these  quantities  are  as  follows: 
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Category! 

Quantity? 

Symbol! 

Definition! 


Ships 

"Speed-Length  Ratio" 
Vk//L  * 

\/jL  -  3.36  V/  g 


Seaplanes 

"Speed  Coefficient" 
Cv 
V/fiF 


The  general  guide,  therefore,  is  to  attempt-  to  match  the  hull 
form  characteristics  influencing  the  wave  or  residual  resistance  such 
as  the  fullness  and  Froude  number,  and  to  make  corrections  for  differ¬ 
ences  in  frictional  resistance  (especially  wetted  surface).  A 
knowledge  of  the  basic  mechanism  of  resistance  is  indispensable  in 
this  respect. 


*  "L"  and  "£  "  have  the  same  meaning 


{ 
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DESIGN  EXAMPLE  NO.  II. I 


SH  I  OF  3 


ESTIMATE  THE  HULL  RESISTANCE  OF  THE 
FOLLOWING  PLANING  HULL  FORM 


LENGTH  (B.P.)  62.5' 


DISPLACEMENT  50  TONS 


L.C.G. 

SPEED 


4,05'  AFT  K  J 
30  KNOTS  - 


HULL  IS  SAME  AS  THAT 
GIVEN  IN  APPENDIX  A 

NO  UNLOADING  CONSIDERED 


SERIES  50  PLANING  OATA  (REFERENCE  2)  IS  USED. 

DATA  IS  PRESENTED  ON  RESISTANCE  ,  TRIM , L.C.G. 

AND  WETTED  SURFACE  FOR  A  SYSTEMATIC  SERIES 
OF  40“ LONG  MODELS. 

A  TYPICAL  OATA  CHART  IS  SHOWN  BELOW.  KNOWING  THE 
HULL  CHARACTERISTICS  (  SPEED  .DISPLACEMENT,  LENGTH,  ETC.) 
VALUES  ARE  READ  DIRECTLY  FOR  THE  MODEL  AND 
CONVERTED  AS  REQUIRED  FOR  THE  FULL  SIZE  CRAFT. 


/ 
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DESIGN  EXAMPLE  NO.  II. I 


SH  2  OF  3 


FROM  THE  HULL  PARTICULARS,  THE  LCG  IS  56.5%  OF 

LENGTH  AFT  OF  THE  FOR’d  PERPENDICULAR.  FROM  SEMES  50, 

THIS  CORRESPONDS  TO  ZERO  STATIC  TRIM  (T*0  ON  THE  CHARTS) 

THE  DISPLACEMENT  LENGTH  RATIO  OF  THE  HULL  IS 

-200 

WHICH  IS  OUT  OF  THE  MODEL  TEST  RANGE.  HOWEVER, 

BY  CONSIDERING  THIS  TO  BE  20%  OVERLOAD  CONDITION f 
AND  THE  RATIO  TO  BE  USED  IS 

?dy  c'67 

ON  THE  CHARTS  FOR  A'N+20% 

THE  CORRESPONDING  BEAM  /DRAFT  RATIO  IS  FOUND  ( IN  THE 
SERIES  50  TEXT)  TO  BE 
8/h  *4.7 7 

THE  SPEED  LENGTH  RATIO  IS 

V/r  -  3  80 

THEN,  FROM  THE  CHARTS  THE  FOLLOWING  INFORMATION 
IS  TAKEN  *. 

ClT-O8  j  A  *N  +  20%  i  *  166] 


INTERPOLATING 

3.8 


0.175 

0.180 

0.178 


2.47 

7.2 

7.3  2.03 


Note  •'  1  ■*  "  running"  tnm  of  tK«  hu II 
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DESIGN  EXAMPLE  NO.  Il.l 


SH  S  OF  5 


THE  MODEL  RESISTANCE  DATA  MUST  MOW  BE  CORRECTED 
FOR  REYNOLDS  MO.  EFFECT  AMD  A  SERVICE  ROUGHNESS 
FACTOR  ADDED  TO  GE  !  THE  CORRECT  RE$)STAMCE  VALUE 
FOR  THE  FULL  SIZE  CRAFT 

MODEL  LENGTH  3.33' 

WEIGHT  16.6*  [FROM%./IOO)3=200J 

SPEED  11.1  fp.s.  [FROM VK/7T *  3.80 

REYNOLDS  NO.  3.28*I06  [F.W.  <5>  <o9°0 

c*  0.00354  [ TURBULENT J 

FULL  SIZE  REYNOLDS  NO.  2.23X108  [5.W.  (®59°0 

Cj.  0.00186 

ROUGHNESS  ALLOWANCE  0.00040 
Cj. (ROUGH)  0.00226 

THUS,  THE  MODEL  RESISTANCE  MUST  BE  REDUCED  AN 
AMOUNT  EQUIVALENT  TO 

(Acy)--  0.00128 

THIS  CORRESPONDS  TO 

(AR)'-  A<*  X/%  V25  (model) 

=  0.37# 

(Aiyw^0.37/(6€>  ,0.022 

THEN  .THE  FULL  SIZE  RESULTS  ARE 

R/A  =0.178-0.022 
=  0,156 

HULL  RESISTANCE  =0.156  X  112,000  *- 17,500* 


HULL  TRIM 


=  7.3' 
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3.  Hull  Unloading  Characteristics 

The  drag  of  the  hull  during  the  "unloading**  process  prior  to 
take-off  is  a  function  of  many  variables  and  cannot  be  readily 
determined  except  when  the  hydrofoil  configuration  and  operating 
characteristics  are  specified.  Model  tests^*^  have  been  conducted 
on  several  hull  models  at  various  specified  unloading  speeds  and  angles 
of  trim,  but  the  results  are  not  necessarily  applicable  to  general 
cases  since  the  trim  is  difficult  to  predetermine  (except  for  fully 
controlled  configurations). 

Therefore,  model  tests  of  the  proposed  configuration  should  be 
conducted  for  accurate  determination  of  the  hull  unloading  character¬ 
istics.  For  preliminary  purposes,  hull  unloading  characteristics  can 
be  approximated  by  the  method  proposed  by  Ward^  for  both  displacement 
and  planing  type  hulls.  Since  planing  type  hulls  are  generally  used 
in  hydrofoil  craft  application  (for  moderate  sise  craft,  at  least), 
the  approximate  unloading  characteristics  of  the  planing  hull  are 
proposed  for  use. 

l't  is  assumed  that  the  hull  Is  an  essentially  flat  hull  planing 
at  an  angle  of  trim,  and  that  the  foil  system  unloads  the  hull  at  the 
center  of  gravity.  It  is  a  characteristic  of  planing  that  the  center 
of  pressure  location  relative  to  the  wetted  length  remains  fixed 
regardless  of  the  trim,  and  that  the  lift  itself  is  roughly 
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proportional  to  the  trim.  This  causes  the  craft  to  pivot  about  the 
forward  edge  of  the  wetted  area  during  the  process  of  unloading,  as 
indicated  in  Figure  11.1. 


It  ia  also  evident  that  the  "residual"  resistance  is  equal  to  the 
component  of  dynamic  lift  in  the  horizontal  plane  and  therefore 
proportional  to  the  load  on  the  hull  and  the  angle  of  trim.  The 
drag  (at  a  fixed  speed)  may,  therefore,  be  related  to  the  drag  at 
zero  unloading  as  follows! 
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"Residual" 


"Frictional" 


.  ±L  .1 

r«  *  Wo  f„ 

±L  X 

w„  t. 


combining s 


where 


/  W  \ 


x 

+ 


-  hull  resistance 
W  ■  loading  on  the  hull 
"f  -  angle  of  trim 
S  ■  wetted  surface 


(11.1) 


Subscripts  s 

r  -  residual 
f  *  frictional 

o  refers  to  values  of  the  parameters  at  zero  unloading. 


The  assumed  unloading  curve  is  therefore  as  given  in  Figure  11.2. 
It  should  be  noted  that  the  resistance  at  zero  unloading  must  be  broken 
down  into  frictional  and  residual  components  which  is  usually  standard 
procedure  in  resistance  tests  on  series  results,  as  Indicated  above  for 
the  basic  hull  drag.  The  assumption  ^/s0  *  1  naturally  does  not  hold 
at  low  values  of  and  in  fact  must  be  equal  to  sero  when  the 
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hull  is  completely  unloaded.  The  dotted  line  on  the  graph  (Figure 
11.2)  represents  this  transition.  The  graph  is  good  only  for  one 
speed  since  the  ratios  /p  and  will  in  general 

vary  with  speed. 


Tests  points  are  shown  on  the  graph  which  were  derived  from 
unloading  experiments  on  a  series  50  hull^.  It  is  seen  that  the 
assumed  characteristic  variation  of  resistance  with  unloading  is 
at  least  approximately  correct  and  sufficient  for  engineering 
applications. 
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k .  Air  Drag 

At  the  high  speeds  associated  with  foil -borne  operations  of 
hydrofoil  craft,  the  air  drag  of  the  exposed  parts  of  the  craft  (the 
hull  and  superstructure,  primarily)  must  be  taken  into  account. 
However,  while  the  air  drag  is  important,  it  is  generally  a  small 
percentage  of  the  total  and  may  be  approximated  by  a  simple  ex¬ 
pression  with  reasonable  accuracy. 

Thus,  the  air  drag  may  be  expressed  ass 

Pair  '  £d  pi  V*  5  (11.2) 

where  Qur  is  the  air  drag  (in  pounds) 

O  is  the  density  of  air  (0.00238  #  sec^/tt^, 

'  at  sea  level) 

5  is  the  cross-sectional  or  frontal  area  of 
the  hull  and  major  superstructure,  ft^ 

V  is  the  speed  in  ft/sec 

Cq  is  the  drag  coefficient  based  on  the  area  S  , 
and  is  to  be  determined. 

This  may  be  more  conveniently  expressed  in  terms  of  the  speed  in 
knots  (V«),  ort 

Datr  *  K  5  VK*  (where  K  -  0.003U  C0  )  (11.3) 
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Eggert^  used  a  drag  coefficient  of  1.18  for  ships  based  on  an 
assumed  cross-sectional  area  of  1/2  B*  (where  3  is  the  beam  of  the 
ship).  However,  this  area  is  probably  less  than  the  actual  maximum, 
including  the  superstructure,  for  such  cases.  Furthermore,  there  is 
no  attempt  at  streamlining  in  the  case  of  large  ships  as  there  is  in 
the  typical  fast  craft  such  as  a  hydrofoil  boat.  The  effect  of  stream¬ 
lining  is  by  far  the  most  important  consideration  in  determining  the 
drag  coefficient.  It  is  proposed  that  a  coefficient  of  0.60  (which 
would  check  with  Eggert's  formula  using  B*  for  the  area  instead  of 
1/2  3  )  be  used  for  blunt  ended  hulls  and  superstructures^,  and  0.30 
for  well  streamlined  configurations  (seaplanes,  with  no  houses,  have 
coefficients  as  low  as  0.20).  The  corresponding  values  are  there¬ 
fore  .002  and  .001  respectively. 

The  recommended  formula  for  the  air  drag  is  then 

D  =  (O.OOI  +•  0.002)  S  V*  (ii.U) 

where  the  choice  of  the  factor  depends  on  the  amount  of  streamlining 
incorporated  in  the  hull  and  superstructure. 
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CHAPTER  12.  ASPECTS  AND  INFLUENCE  OF  CAVITATION  IN 
THE  HIDRODINAMIC  CHARACTERISTICS  OF  HYDROFOIL  BOATS 

Notation 

1.  Physical  Mechanism  of  Cavitation 

2.  Inception  of  Cavitation  * 

3.  Forces  in  Cavitating  Flow 

A  preferred  field  of  application  for  hydrofoil  boats  ie  in 
hitter  speeds.  In  fact,  realization  of  speeds  above  scans  1*0  knots  is 
one  reason  for  the  development  of  these  boats.  At  such  speeds, 
cavitation  is  Ho  longer  avoidable,  both  in  the  propeller  end  in  the 
hydrofoil  system.  Consideration  of  cavitatlonal  effects  upon  per¬ 
formance  and  behavior  is,  therefore,  necessary.  V 

A  basic  review  of  oavitation  is  presented  by  Ackeret1,  a  more 

o 

recent  and  more  detailed  analysis  is  given  by  Eisenberg,  and  an 
extensive  bibliography  is  available  In  reference  3*  This  present¬ 
ation  here,  reiterates  the  physical  mechanism  of  cavitation,  mentions 
delay  in  the  onset  of  oevitatlon  in  certain  conditions,  makes 
predictions  of  the  critical  speed  (inception  of  oaviteticm)  in  hydro¬ 
foils  and  presents  some  force  data  in  cavitating  flow* 
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Notation 


d 

* 


t 

■f 

i 

b 

h 

A 

£ 

V 

ot 

r 

v 

p 

© 


% 


T> 


Q> 

L 

Cl 


bubble  or  body  diameter 
chordwise  distance 
foil  chord 
thickness  . 
height  of  camber 
wing  span 
submergence 
aspect  ratio, 

half  apex  angle  of  wedges  or  cones 

air  content  of  water 

angle  of  attack 

weight  density 

mass  density 

speed  in  ft/sec  or  knots 

dynamic  pressure,  (0.5^>V  ) 

static  pressure 

static  pressure  coefficient,  Ap/xj. 
cavitation  number,  -  *V.p#r)/q, 

critical  cavitation  number 
drag  or  resistance 
drag  coefficient,  dA-s 
lift}  also  subscript  for  lift 
lift  coefficient,  Lhs 
Reynolds  number  on  ^ ,  (yJL  /v) 
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Physical  Mechanism  of  Cavitation 

The  compressibility  of  water  is  negligibly  small  when  compared 
with  conditions  in  air.  However,  as  a  function  of  speed,  water  flow 
reaches  a  critical  condition  characterized  by  vaporization  and 
cavitation. 

Cavitation  Bubbles 


Vaporization  is  the  growth  of  a  gas-  or  vapor  bubble.  There  is 
an  equilibrium  in  such  a  bubble  between  a  force  (proportional  to  the 
projected  bubble  area  )  corresponding  to  the  pressure  differ¬ 

ential  between  inside  and  outside,  and  a  force  (proportional  to  the 
circumference  dlT)  due  to  the  surface  tension  of  the  bubble  (see 
reference  1).  For  a  given  pressure  differential,  therefore t 


Suction 

Tension 


<V  Diameter 


(12.1) 


This  function  means  that  a  critical  or  minimum  diameter  is  necessary  to 
assure  growth  of  the  bubble. 

In  "clean"  water,  there  are  no  bubbles  or  other  cavities  existing. 
As  a  consequence,  water  which  has  been  distilled  does  not  readily  boil 
at  the  temperature  which  is  commonly  called  boiling  temperature;  and 
it  does  not  "rupture"  or  cavitate  upon  reaching  the  "vapor  pressure" 
corresponding  to  temperature. 
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If  certain  nuclei  (gas  bubbles  of  microscopic  or  macroscopic 
size)  are  available,  however,  it  is  to  be  concluded  from  equation  (12.1) 
that  there  is  a  critical  (negative)  pressure  at  which  the  diameter  of 
the  bubbles  is  just  sufficiently  large  to  permit  growth.  Upon  reaching 
critical  conditions,  the  bubble  may  suddenly  increase  its  diameter. 

In  concluding,  a  certain  air  bubble  content  or  existence  of  gas- 
carrying  particles  is  a  necessary  prerequisite  of  cavitation. 

Air  Content 

Water  with  a  "free"  surface  has  the  natural  characteristic  of 
absorbing  air.  There  is  a  maximum  amount  of  air  which  ‘•saturated" 
water  can  retain.  Under  standard  atmospheric  conditions,  for  example, 
corresponding  to  59° F  and  760  mm  Hg,  the  saturated  air  content  is  in 
the  order  of  2%  by  volume,  which  is  only  a  ratio  of  25/lO^  by  weight. 

It  is  the  content  of  bubbles,  rather  than  the  dissolved  amount  of  air, 
which  makes  cavitation  possible^.  One  way  of  providing  such  bubbles  is 
locally  reducing  the  static  pressure  by  placing  a  body  in  a  flow  of 
air-saturated  water.  In  certain  preferred  places,  the  water  becomes 
over-saturated,  thus  shedding  bubbles. 

According  to  basic  experiments^,  cavitation  starts  at  pressures 
close  to  vapor  pressure  provided  that  the  air  content  is  close  to  the 
saturated  condition.  In  waves  and  turbulent  water,  air  is  entrained 
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and  suspended  in  the  form  of  bubbles,  thus  raising  the  total  content 
above  the  saturated  value.  Also,  dirt  and  organic  substances  seem  to 
carry  gas  bubbles.  Therefore,  in  practical  applications,  the  nuclei 
content  is  always  above  any  critical  limits;  and  ships  and  hydrofoils 
are  faced  with  the  problem  of  cavitation. 

The  air  content  also  has  another  more  direct  effect.  Existing 
air  bubbles  grow  upon  entering  a  low-pressure  field,  and  may  combine 
with  each  other.  The  result  is  a  "cavitating"  flow  pattern  without 
any  vapor,  which  is  similar  to  "real",  vapor-type  cavitation.  Two 
types  of  cavitation  and  two  different  critical  cavitation  numbers  can, 
therefore,  be  considered s  one  indicating  the  onset  of  air-bubble 
formation  ("bubble"  phase)  and  the  other  one  defining  incipient 
("steady"  or  "sheet"  or  "laminar")  vapor  cavitation.  Naturally,  air- 
bubble  cavitation  usually  starts  above  the  vapor  pressure. 

Erosion 

There  have  been  considerable  discussions  and  arguments  about  the 
mechanism  of  erosion,  caused  by  cavitation.  The  predominant  and 
accepted  effect  is  the  mechanical  hammering  or  impact  at  spots  where 
vapor-filled  bubbles  or  cavities  suddenly  collapse  upon  the  surface 
(see  reference  2).  In  contradistinction,  air-bubble  cavitation  does 
not  lead  to  erosion  because  there  is  no  sudden  collapse  and  the  in¬ 
troduction  of  air  (ventilation)  into  a  cavitating  water  turbine  has 
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been  found  to  reduce  the  noise  (of  collapsing  bubbles)  associated 
with  vapor  cavitation. 

As  an  example.  Figure  12.1  shows  lift-coefficient  areas  in¬ 
dicating  inception  of  cavitation  and  erosion  past  a  certain  hydrofoil 
section.  Impact  and  damage  only  take  place  within  the  dotted  areas, 
where  cavity  or  bubbles  end  ahead  of  the  trailing  edge.  There  is 
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/ 


only  a  restricted  interval  of  lift  coefficient  (in  the  oraer  of 
"  -  0.1,  at  both  sides  of  )  w^ere  cavitation  can  be  avoided  at 

<o  in  the  order  of  0.5.  After  traversing  the  phase  with  partial, 
eroding  cavitation,  erosion  is  no  longer  to  be  expected  within  the 
fully  cavitating  region. 
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2.  Inception  of  Cavitation 
As  a  Function  of  Pressure 


Upon  increasing  the  temperature  or  decreasing  the  pressure,  water 
is  likely  to  vaporize,  boil  or  cavitate  at  the  vapor-pressure  level* 

At  a  standard  temperature  of  59® F  ( 15* C)  this  pressure,  Pvapor* 
comparatively  low  (3J  lb/ft2  or  0.55  ft  of  watsr,  in  fresh  water);  it 
is  less  than  2%  of  the  sea-level  atmospheric  pressure.  Therefore,  in 
proximity  of  the  free  surface,  water  is  expected  to  vaporise  and  to 
cavitate  shortly  before  reaching  pm|-n  «  aero. 


On  the  basis  of  the  available  pressure  differential  (-Pa^bient  “ 

|*Vapor)i  the  cavitation  number  is 

^  ■pQ'rwbi'trvt  —  ‘Pw'apor  ,  „ 

<3T  *  - - - - —  (12.2 

If  disregarding  the  value  of  fVapor  which  is  small  in  many  practical 
applications,  the  cavitation  number  simply  appears  to  be  the  ratio  of 
the  undisturbed  static  to  the  dynamic  pressure  of  a  considered  flow 
of  water.  The  cavitation  number  is  a  feature  of  the  flow  as  such  it 
indicates  the  "preparedness"  of  a  water  flow  in  respect  to  cavitation. 
The  smaller  (a,  the  stronger  is  the  tendency  of  cavitating. 

The  static  pressure  in  a  flow  around  a  body  exhibits  variations. 
In  certain  places,  the  velocity  is  locally  increased,  and  the  static 
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pressure  is  consequently  decreased.  This  decrease  is  indicated  by 

^Pht«V\  ~  "*  ~  ^  &P/ =■  U2.3) 

IJt 

where  *  0.  v  denotes  the  dynamic  pressure  of  the  undisturbed 
flow,  and  Cpmi^  indicates  a  negative  static  pressure  Coefficient 
depending  upon  shape  and  attitude  of  the  body  involved.  The  minimum 
static  pressure  on  the  surface  of  the  body 

=  Vb  +  Af>Wn  <«•*•> 

steadily  decreases  from  »  approaching  zero  as  the  dynamic 

pressure  increases  from  zero  to  the  critical  value.  In  other 
words,  at  a  certain  preferred  point  at  the  surface  of  the  body,  the 
pressure  reduces  tc  the  level  of  the  vapor  pressure  (p^vy  =  Pyupor)* 
The  critical  cavitation  number  is,  therefore,  expected  to  be 

<9ji  ~  (12.5) 

with  the  subscript  "A."  (incipient)  indicating  the  onset  of  cavitation. 

Critical  Cavitation  Number 

The  onset  of  cavitation  in  experiments  can  be  determined  by 
visual  observation,  or  by  a  sharp  increase  in.  sound  level  which  is 
associated  with  the  collapse  of  vapor  bubbles,  or  by  the  divergence 
of  lift-,  drag-  or  moment  coefficients  from  their  undisturbed  values. 
Proper  definition  of  quoted  critical  cavitation  numbers  is  desirable. 

v 
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Figure  12.2  presents  some  experimental  results  on  three- 
dimensional  head  shapes*  demonstrating  the  correlation  between  in¬ 
cipient  cavitation  number  (©•  taken  from  reference  7)  and  the 

•tvapor 

pressure  coefficient  (taken  from  reference  6)'.  The  graph  al9o 
indicates  the  influence  of  the  shape  upon  the  inception  of  cavitation. 


Figure  12.3  presents  the  pressure  characteristics  of  two- 
dimensional  streamline  shapes.  For  statistical  analysis*  the  fore- 
body  of  these  sections  is  considered  only^on  the  basis  of  the 


( 
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length  K .  It  appears  that  the  influence  of  the  afterbody  upon  the 
flow  pattern  past  the  forebody  is  of  secondary  importance.  Hence , 
the  minimum  pressure  coefficient  Increases  in  proportion  to  the 
thickness  ratio  of  the  equivalent,  approximately  elliptical  section. 
For  symmetrical  sections  at  zero  lift,  the  pressure  coefficient  is 
approximately 

t 

^  2.1  (12.6) 
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with  t  and  >f  as  defined  j.n  Figure  12.3.  The  constant  is  nearly 
equal  to  the  theoretical  value  of  2.0  for  elliptical  sections. 
Unfortunately,  there  is  only  one  suitable  value  for  <5^  available  for 
Figure  12.3.  General  experience  confirms,  however,  that  in  slender 
shapes  «  -Cpnun.  • 

The  pressure  distribution  around  a  lifting  foil  section  is 
basically  composed  of  a  component  due  to  thickness  (equation  12.6)  and 
a  component  corresponding  to  lift.  The  average  and  minimum  additional 
pressure  differential  at  the  suction  side  is  simply 

-0.5Cl  (12.7) 

in  the  first  approximation.  The  lift,  however,  is  not  uniformly  dis¬ 
tributed  along  the  chord  and  the  value  of  the  pressure  minimum  is  higher 
than  indicated  by  the  last  equation.  Distribution  and  minimum  coeff¬ 
icient  depend  upon  the  section  shape. 

Cambered  sections  have  an  ’'optimum"  lift  coefficient,  defined  by 
a  flow  pattern  in  which  the  streamlines  meet  the  section  nose  without 
flowing  around  from  one  side  to  the  other.  This  condition  may  be 
identified  by  "smooth"  or  "symmetrical  entrance".  As  a  function  of 
camber  ratio  i/c  ,  smooth  entrance  flow  is  existing  at 

CLopt  *  (10  to  12)  4  ‘12-8) 
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With  respect  to  minimum  pressure  and  cavitation,  operation  in  the 
vicinity  or  somewhat  above  is  expected  to  provide  the  highest 

possible  critical  speeds  for  a  given  foil  section  at  the  respective 
lift  coefficient. 

Assuming  now  that  the  minimum-pressure  differential  due  to  lift 
be  simply  superimposed  on  that  caused  by  thickness,  it  is  possible  to 
reduce  experimental  results  to  zero  thickness,  and  to  isolate  approxi¬ 
mate  values  due  to  lift.  Available  experimental  data  presenting  the 
minimum-pressure  coefficient  at  or  near  the  '’optimum"  lift  coefficient, 
have  been  evaluated  accordingly,  by  subtracting  a  value  attributable 
to  thickness  as  indicated  by  equation  (12.6).  The  remaining  component 
due  to  lift  is  plotted  in  Figure  12. h  for  a  number  of  foil  sections. 

The  experimental  points  are  evidently  grouped  according  to  thickness 
location.  In  each  group,  cavitation-tunnel  results  (with  <3^  defined 
by  the  deviation  of  drag-  and/or  lift  coefficients  from  the  i.on- 
cavitating  values)  are  seen  in  close  agreement  with  the  minimum-pressure 
measurements.  The  component  due  to  lift  is  approximately 

w  -sss  K  CL  (12.9) 

where  k  is  a  function  of  thickness  location  (and  probably  of  other 
shape  parameters  as  well).  Combining  the  pressure  minimum  due  to 
lift  (which  is  in  the  vicinity  of  25$  of  the  chord,  at  ^LopO  with  a 
thickness  location  at  50$,  provides  a  factor  k  «■  0.7.  An  appreciably 
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t, 

higher  value  results  for  a  location  at  30 %,  where  factor  k*0.85. 


Example 

What  is  the  critical  cavitation  number  of  a.  JfodLl 
section  having  c,  *  1(#  (at  0,5  chord)  and.  **  3 %  ?- 

According  to  equation  (12,6),  the  critical  ca'^rdL'fca.'tion 
number  due  to  thickness  is  *  2.1»0.1  ■»  0»21.  For 
CL  ■  0,33,  equation  (12.9)  indicates  a  —  O,.  7  *0*33 

B  0,23,  Hence,  the  number  indicating  incipsiesiarfc  cavit- 
ation  is  expected  to  be  =  0,21  +  0,23  *  O 
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Delay  of  Vapor  Cavitation 

Even  on  the  basis  of  a  sufficient  number  of  nuclei,  cavitation 
may  not  exactly  start  at  reaching  vapor  pressure.  Evidently,  the 
growth  of  air-  or  vapor-filled  bubbles  and  the  transition  from  liquid 
to  vapor  phase  require  some  time.  This  time  element  may  not  be 
important  in  many  cases  where  the  flow  velocity  is  small  and  the 
geometrical  size  of  the  low-pressure  field  is  large.  In  fact,  the 
results  in  Figures  12.2,  12.3  and  12. U  demonstrate  that  up  to  -Cf>«n<n 
» <3>1-*S'0.8,  delay  in  the  onset  of  cavitation  i$  in  general,  small. 

Considering,  however,  as  an  example,  conditions  at  the  leading  edge 
of  a  foil,  where  CpBl;n  may  reach  values  which  ;>re  ten  times  as  high 
as  those  just  quoted,  and  where  such  values  are  only  existing  in 
narrow  peaks  (that  is,  during  very  short  periods  of  time)-  the 
influence  of  small  size  and  high  speed  may  be  important. 

As  an  example,  characteristics  are  presented  in  Figure  12. 5  of 
the  NACA  6I1AOO6  foil  section,  tested  in  a  wind  tunnel1^  and  also  in 
a  towing  tank'5'®.  The  incipient  cavitation  number  Gr  is  decisively 
lower  than  the  value  of  the  corresponding  pressure  coefficient  Cpni,Vt 
for  values  between  *■  0.3  and  0.5.  For  example,  at  C/_  ®  0.5, 
where  -~£phuvl  »  5,  the  Incipient  cavitation  number  is  only  CJ*2. 
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In  the  considered  foil  tests  at  0.5,  the  time  during  which 

a  particle  of  water  travelling  past  the  point  of  minimum  pressure,  is 
really  exposed  to  pressures  below  vapor  pressure,  is  only  in  the 
order  of 

exposure  time  =  c?  ~~  **  5/100,000  second  (12.10) 

vLocal  2  *  21 

This  short  interval  may  be  responsible  for  the  discrepancy  between 
=  5  and  <5^  =  2,  as  observed  at  =  0,5. 
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Reference  19  presents  experimental  results  of  another  foil  section, 
the  JUi4.12  section,  as  tested  in  a  cavitation  tunnel.  Good  agreement  be¬ 
tween  <5^  and  —  Cp„u\,  is  found  at  pressure  coefficients  or  cavitation 
numbers  below  one*^.  However,  at  negative  as  well  as  at  higher 
positive  lift  coefficients,  where  pressure  peaks  are  to  be  expected  at 
the  respective  sides  of  the  section,  considerable  discrepancies  of  the 
same  magnitude  as  those  in  Figure  12.5  are  evident. 

Cutting  off  the  peak  of  a  really  narrow  pressure  minimum  may  not 
mean  losing  much  of  the  total  lift  produced  in  a  foil  section.  The 
pressure  distributions  during  the  cavitation-tunnel  tests  may  not  have 
been  the  same  as  in  the  wind-tunnel  investigations.  It  is  suggested 
as  a  possibility  that  in  the  water  tests  very  small  air  bubbles  (nuclei) 
may  have  levelled  off  the  pressure  peaks  to  some  extent  before  visible 
bubbles  could  be  observed  and  reported.  This  levelling-off  effect  may 
be  combined  with  the  time  effect,  described  above. 

Whatever  the  explanations  may  be.  Figure  12.5  and  reference  19 
demonstrate  that  in  the  case  of  suction-pressure  peaks  as  may  occur  on 
lifting  hydrofoil  sections,  inception  of  cavitation  cannot  reliably  be 
predicted  from  non-cavitating  or  theoretical  pressure  distributions. 

This  fact*  also  discourages  application  of  the  theoretically  correct 
method  (reference  21)  of  correlating  the  critical  cavitation  number 
with  the  critical  Mach  number  which  is  available  for  many  sections  and 
lift  coefficients. 
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The  available  results  on  the  delay  of  cavitation  (or  whatever 
the  effect  may  be)  are  assembled  in  Figure  12.6.  It  appears  that 
results  of  siender  bodies,  or  streamline  sections  in  the  vicinity 
of  zero  lift,  having  by  comparison  "no"  delay,  are  compatible  with 
such  extreme  cases  as  the  lifting  section  in  Figure  12.5*  A 
statistical  conclusions  is  that 


*  -(»■'>  s  fc  mi)  <epBt 


(12.11) 


STATISTICAL  SURVEY  ON  THE  “DELAY"  OF 
CAVITATION  IN  PEAKED  PRESSURE  DISTRIBUTIONS 

FIGURE  12.6 
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Vortex  Cavitation 


The  minimum  of  the  static  pressure  does  not  always  occur  on  the 
surface  of  an  obstacle.  Tip  vortices,  for  example,  originating  from 
lifting  surfaces,  have  a  core  with  a  static  pressure  on  a  negative 
level.  According  to  Prandtl^,  the  pressure  differential  in  the  core 
of  a  wing-tip  vortex  is 


&pI<+  **  —  1-7 


(12.12) 


where  H  «  aspect  ratio  of  the  wing.  Cavitation  may  start  accordingly 
within  such  cores,  as  has  been  observed  behind  the  blade  tips  of  wator 
propellers. 


Vortices  are  also  shedding  from  bodies  exhibiting  a  separated  flow 
pattern,  especially  in  the  form  of  a  wvortex  street".  As  an  example, 
cavitation  was  found  starting  within  the  cores  of  such  separation 
vortices,  originating  from  a  blunt,  cylindrical  head  shape  (see 
reference  6)  at  <3£  *  1.76,  while  the  minimum  pressure  coefficient  at 
the  surface  of  this  body  was  only  —  ■  0.61*.  Here  again,  the 

pressure  distribution  would  not  be  a  reliable  indication  for  the  onset 
of  cavitations  and  the  deviation  would  be  in  the  direction  opposite  to 
that  as  found  in  pressure  peaks. 

In  concluding,  equation  (12,5)  only  seems  to  hold  for  slender 
bodies  (foil  and  strut  sections  in  Figure  12,3  or  three-dimensional 
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shapes  in  Figure  12.2)  and  in  "smooth"  flow  patterns  (such  as  near 
Q.opt  ,  in  Figure  12, h). 


Critical  Speeds  in  Hydrofoil  Systems 


Considering  boats  with  hydrofoils  operating  beneath  the  free 
surface  of  water,  the  ambient  static  pressure  is 


-few*  ~  +  )fh 


(12.13) 


where  ^  «  62.U3  lb/ft ^  for  fresh  water  and  y-  »  6U  lb/ft ^  for 
"Atlantic"  sea  water.  On  the  basis  of  a  critical  cavitation  number 
(assumed  to  be  known  for  the  system  considered),  the  critical 
dynamic  pressure  is  then 


Amt 


».S 


(12„lli) 


The  standard  atmospheric  pressure  is  *  2120  lb/ft ^  ,  correspond¬ 

ing  to  a  head  of  3k  ft. of  fresh  water.  At  a  standard  temperature  of 
59* F,  the  vapor  pressure  is  comparatively  low,  in  the  order  of  1.6/8  of 
the  atmospheric  pressure}  the  corresponding  head  is  roughly  0.5  ft  of 
water.  Disregarding  this  small  quantity  the  critical  pressure  reduces 
to  X|e  kfa  }  and  in  close  proximity  to  the  surfaoe  (more  correctly 
at  h*  0.5  ft),  the  critical  dynamic  pressure  is 
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Using  the  standard  sea-water  density  ^  »  I.99  (lb  sec2/^^)>  the 

corresponding  ''standard'1  critical  speed  of  hydrofoil  systems  is 
found  to  be 


.  2  ii2o 

Vcnl  * 


(12.16] 


In  knots,  the  critical  speed  is 


(12.17 


This  function  is  plotted  in  Figure  12.7. 
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Example 

What  is  the  critical  speed  of  a  hydrofoil  system 
operating  near  the  water  surface,  on  the  basis  of 
a  minimum-pressure  coefficient  *  -O.UU  (as 

found  in  the  preceding  example)?  -  Using  equation 
(12.17),  Vent  *  27/Vo.hli  -  1*0  knots. 


Introducing  the  critical  cavitation  numbers  indicated  by  equations 
(12.6)  ind  (12.9)  into  equation  (12.17),  the  standard  critical  speed  of 
favorably  designed  hydrofoils  can  be  predicted  as  a  function  of  section 
shape  and  lift  coefficient: 


11 

V^-Ec  +  0lCU 


(kno-U) 


(12.18) 


This  function  Is  plotted  in  Figure  12.8. 

Example 

What  is  the  maximum  permissible  lift  coefficient 
of  a  hydrofoil  section  having  t{c  m  10£  (at  0.5 
chord)  for  a  speed  of  1*0  knots?  -  Figure  12.8  in¬ 
dicates  CL  -  0.36.  For  comparison,  the  average 
lift  coefficient  in  the  blades  of  a  destroyer 
propeller  is  well  below  0.1,  to  avoid  cavitation. 
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3 »  Forces  In  Cavitating  Flow 

Transitional  Phase 

At  speeds  (or  lift  coefficients)  above  the  inception  of  cavitation, 
lift-  and  drag  coefficients  do  not  immediately  change  their  magnitude. 
Within  the  "bubble”  phase,  they  remain  essentially  at  their  non- 
cavitating  level;  the  lift  coefficient  sometimes  increases  slightly. 
Subsequently,  as  soon  as  any  real,  coherent  cavity  develops,  the  lift 
coefficient  decreases,  the  drag  coefficient  increases.  This  transition 
(see  Figure  12.11  for  illustration)  can  be  rather  extended,  reaching  up 
to  twice  the  dynamic  pressure  (l.li  the  speed)  at  which  cavitation  first 
sets  on.  No  systematic  information  can  be  given  on  this  phase  as  of 
this  time.  Once  in  fully-cavitating  condition,  stable  flow  patterns  are 
prevail ing,  some  of  which  are  presented  as  follows. 

Resistance  of  Blunt  Bodies 

In  fully  cavitating  condition,  the  resistance  of  an  obstacle 
evidently  corresponds  to  the  uniform  negative  pressure  at  the  rear  side 
(within  the  cavity)  and  to  the  average  positive  pressure  component,  on 
the  face  of  the  body.  For  CT  ■  0,  the  latter  one  has  been  calculated 
for  wedges2**  and  cones2^  as  a  function  of  the  half  apex  angle 

Upon  increasing  the  cavitation  number  from  zero,  the  flow  pattern 
past  the  forebody  changes,  as  explained  in  reference  26.  Accordingly, 
the  drag  coefficient  is  expected  to  increase  as 
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**  (  (  *  cs)  (12.19) 

where  C^0  -  drag  coefficient  at  c 3  =  0.  Figure  12.9  presents  ex¬ 
perimental  results  of  disks j  confirming  this  function  very  wells 
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In  the  case  of  round  bodies,  the  minimum  pressure  point  is 
located  somewhere  on  the  forebody  (and  not  at  the  trailing  edge  as  in 
wedges  and  cones).  Cavitation,  therefore,  starts  from  that  point.j  and 
the  starting  point  may  move  further  forward  as  the  cavitation  number 
is  decreased.  As  a  consequence,  the  Q)(cr)  function  is  no  longer 
straight  as  according  to  equation  (12.19).  Such  characteristics  are 
demonstrated  in  Figure  12.9  by  results  of  a  hemispherical  body^®  and  a 
sphere-*-.  Results  of  circul**1* cylinders  (in  cross  flow)  also  show  a  di¬ 
vergence  from  the  mechanism  according  to  equation  (12.19) 


Drag  in  Ventilating  Flow 


Insight  in  the  drag  mechanism  of  blunt  bodies  may  be  amplified  by 
discussing  results  of  a  "streamlined*  half  section  tested  in  ventilating 
(rather  than  cavitating)  flow  in  the  Qibbs  &  Cox  towing  tank  at  speeds 
between  1  and  10  ft/sec.  A  piece  of  strut  having  a  chord  of  3.1  inches 
and  an  aspect  ratio  of  U  was  towed  between  hollow  end  plate*  (connect¬ 
ing  the  cavity  with  the  atmosphere)  at  am  average  submergence  H  * 

1.5  C.  The  cavitation  number  is  then  simply 


-  Pc  M  foSfV7’ 
4 


(12.20) 


At  higher  cavitating  numbers  (above  0.6),  ventilation  (or  cavitation) 
does  not  take  place;  the  drag  coefficient  i*  approximately  constant  and 
practically  equal  to  the  base  drag  coefficient  of  such  body  shape. 
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Within  the  range  of  small  cavitation  numbers  (below  0.3),  the 
coefficient  is  approximately 


(12.21) 


Flow  pattern  and  drag  coefficient  would  not  be  the  same,  however,  in 
cavitating  flow.  There  is  evidently  a  line  of  minimum  pressure  some¬ 
where  between  leading  and  trailing  edge.  Cavitation  would  start  from 
there,  rather  than  from  the  trailing  edge  as  in  ventilating  flow}  and 
the  drag  coefficient  would  be  higher  than  according  to  equation  (12.21). 


Lift  in  Fully-Cavitating  Flow 


The  force  on  a  flat  plate  in  cavitating  flow  (at  7  ■  0)  has  been 
calculated  by  Kirchkoff  and  Rayleigh.  Using  such  a  plate  as  a  lifting 
surface  in  two-dimensional  flow.  Bet*  predicts  in  reference  30  that  the 
coefficient  of  the  force  normal  to  the  plate's  surface  Is 


c 

'-norma 


L 


nrUX  _ 

- —  rr 


(12.22) 


For  <S"  ■  0  and  for  angles  of  attack 
reduces  to 


0(,  below  some  10*,  this  function 


(12.23) 


which  is  only  one  quarter  of  the  basic  lift-curve  slop*  of  an  airfoil 
section  (which  is  2ir).  Experimental  results  (see  reference  5)  of 
foils  tested  in  a  water  tunnel  (with  a  geometrical  aspect  ratio  of 
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one,  between  the  test-section  walls),  are  plotted  In  Figures  12.10 
and  12.11.  They  evidently  confirm  the  theoretical  function  -  for 
sufficiently  thin  sections  (up  to  and  including  £/c  "  7.#). 
Thicker  sections  and  sections  with  rounded  noses  show  lift 
coefficients,  however,  which  are  sometimes  higher  (because  pf  nose 
suction),  and  at  small  angle  of  attack  lower  (cavitation  shifting 
from  the  upper  to  the  lower  section  side),  than  according  to  the 
fully  cavitating  theory. 


LIFT  COEFFICIENT  AT  G*0 

FIGURE  12.10 
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For  a  wing  of  finite  span;  the  Induced  angle  of  attack 

^  *  kCL  ^/rri4 


(12.21*) 


where 


k 

4 


biplane  factor 


aspect  ratio 
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must  be  considered;  the  "  o<  »  in  equation  (12.22)  is  to  be  replaced 
by  the  effective  angle  (<=/  -  ^).  Consequently 


C  .  f 


(12.25) 


This  equation  is  compared  (in  Figure  12.13)  with  points  tested  in  the 
Gibbs  &  Cox  Tank  on  (the  flat  bottom  of)  a  plate  towed  in  ventilating 
flow  between  hollow  end  plates.  On  the  basis  of  a  biplane  coefficient 
indicating  the  effect  of  the  free  water  surface,  K  *  1,  for  the  tested 
"box  plane"  condition  at  b/b  -  0.25,  magnitude  and  character  of  the 
function  according  to  equation  (12.25)  seem  to  be  verified. 

Resistance  of  Hydrofoil  Sections 

Walchner'’*-^  is  the  only  source  of  information  availably  Indicating 
resistance  of  foil  sections  in  truly  cavitatlng  condition  at  or  near 
zero  lift.  The  pressure  component  of  this  resistance  at  S'  ■  0, 
plotted  in  Figure  12.12  shows  some  relation  to  that  of  wedges,  having 
the  same  forebody-thickness  ratio.  Between  the  values  at  ■  0  and 
the  non-cavitating  phase,  the  drag  coefficient  decreases  considerably 
(hardly  without  any  first-increasing  trend  as  per  Figure  12.9) • 
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In  lifting  foil  sections  (with  fully  cavitating  upper  side, 
the  pressure  drag  is  a  geometrical  component  of  the  total  force. 


For  flat  pressure  side  is 


)  pressure 


—  C^'kantf 


(12.26) 


where  ct  is  indicating  the  angle  of  the  lower  side  in  two-dimensional 
flow.  Utilizing  equation  (12.23),  this  angle  is 
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(12.27) 


Therefore,  the  drag  due  to  lift  of  sections  having  flat  lower  sides  in 
two-dimensional,  fully  cavitating  flow  is  expected  to  be  defined  by 

2 


TT 


(Cl-k)  cl 


(12.28) 


For  S  ■  0,  some  experimental  evidence  can  be  found  in  references  5 
and  15,  confirming  the  trend  of  dC^/e(Cj_  **2/f  ,  for  circular-are 
sections  with  <.  7.5 £  and  o(  up  to  6®. 

For  higher  angles  of  attack,  as  in  the  case  of  Figure  12.13, 
the  complete  equation  (12.25)  has  to  be  employed  to  find  («*)  first, 
and  then  ^"Dpresaure  as  a  function  of  and  <x  . 


( 
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0.2  0.4  0.S  0.8  -80  -40  -80  *2  0  *10 


:$•  _ ^Tvity>,  ^ 

0.4-?.!  \  „  ^  ^ 

j-J  V^WITH  C0^re»5  »t<in  ; 

b  ^  PULLV  VENTILATING 

“j  XV/-A  yhrf*’ 

•II  EQUATION  12.28  A  *- EQUATION  It. 


B 

-04-1^ 


eOUATION 


*1  \  V  ■  10  8T/SEC  j  //  .. 

Sl  \  h »  c  «  8.1  INCH  I  r 

%  \  V  2«.0*  A 

2  \  ff'  l// 

j,  flaiH  plow  '  --I, 

‘-STRUT  RC8I8TANCC 

LIFT  AND  DRAG  OF  A  FLAT  PLATE  HAVING  A* 4 
BETWEEN  END  STRUTS,  AT  NEGATIVE  ANGLES 
OF  ATTACK 

FIGURE  12.13 


Cambered  Sections 

For  a  long  time,  only  circular  are  sections  (with  flat  pressure 
sides)  have  been  considered,  possibly  to  be  used  in  eavltating  flow 
conditions.  It  has  been  suggested,  however,  that  cambered  pressure 
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sides. should  provide  higher  sectional  L/d  ratios  or  lower  resistance 
ratios,  respectively  -  on  account  of  certain  forward  components  of 
the  forces  normal  to  the  surface  elements  of  such  cambered  sections* 

Figure  12»lh  presents  the  characteristics  of  such  a  section, 


CL  -oa- 


0.8  0.8  -SO  *40  *30  -80  -10  O 


... 


—  - -  f/c  *  10  %-— 

/ 

A*  4*  BETWEEN  END  STRUTS  / 

AT  H  •  C  / 


^  *^rLAT  PLATE  (Flft.13) 
V2NTILATIN0,  CT  ■  0-18 


CAMBERED  SECTION 


NON  ’  VENTI  LATINS 


/  rO.t 


ct 


'VW 


lift  and  drag  OF  a  VENTILATING  CAPERED 
FOIL  SECTION,  AS  TESTED  IN  THE  GIBBS  ft  GOX  TANK 

FIGURE  12.14 
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tested  in  the  same  manner  as  the  plate  in  Figure  12.13 )  that  is,  in 
ventilating  flow.  The  transitional  phases  in  these  graphs  would  not 
be  the  same  in  cavitating  flow,  however)  and  they  should  be  disregarded 
if  considering  vapor  cavitation.  For  the  cambered  section,  the  fully 
vent Hating -cavitating  phase  exhibits  considerably  higher  lift 
coefficients  and  appreciably  lower  resistance  ratios  than  for  the  flat 
plate. 

The  performance  of  fully-cavitating  foil  sections,  in  two- 
dimensional  flow  at  CT  ■  0,  has  recer.oly  been  investigated  by 
linearised  theoretical  methods  (see  reference  32).  The  optimum  shape 
is  found  to  be  cambered  (at  the  pressure  side)  according  to 

(fi'Ooft  ~  02  CLj  S’ff/o)  (12.29) 

Disregarding  frictional  drag,  theory  predicts  for  this  camber  ratio 
that  the  pressure-resistance  ratio  will  only  be  *rl/6  of  that  of  the 
flat  plate.  The  results  in  Figure  12. lit  do  not  confirm  this  much  of 
Improvement. 


CONFIDENTIAL 


II  -  12.35 


CONFIDENTIAL 


CAVITATION 


References 


1.  Ackeret 

2.  Eisenberg 

3.  Raven,  Feller  & 
Jeepersen 

1*.  Crump 

5.  Walchner 

6.  Rouse  &  McNown 

7*  Knapp  &  Doolittle 

8.  Hoeraer 

9.  Page,  Falkner  i 
Walker 

10.  - 


"Experimental  and  Theoretical  In¬ 
vestigations  of  Cavitation",  in 
Tech.  Hech.  &  The'modynamik  -  Vol.  1 
of  Forschung  Ingenieurweaen  1930 
p.  lj  Trans.  TMB  No.  20. 

"Mechanism  of  Cavitation",  TMB  Rpt. 
712  (1950) and  Rpt.  81*2  (1953). 

"Annotated  BibliogfrAphjr  of 
Cavitation",  1MB  Rpt,  R-81,  19i*7. 

"Critical  Pressure  for  Inception  of 
Cavitation  in  Fresh  and  Sea  Water 
as  Influenced  by  Air  Content", 

TMB  Rpt.  No.  575,  19U9. 

"Investigation  of  Foil  Sections  in 
Cavitating  Flow",  in  Hydroaechan- 
ische  Problems  do a  Schiffsantriebs, 
HSVA  Hamburg,  1932.  See  NACA  Tech. 
Memo.  1066. 

"Cavitation  and  Pressure  Distrib¬ 
ution,  Head  Forms",  Publication  No. 
1*20  Iowa  State  University  (Bulletin 
No.  32,  191*8). 

"Nose  Cavitation,  Ogives  and  Sphero- 
gives",  Rpt.  from  Caltec  High-Speed 
water  Tunnel,  18  Jan.  191*5* 

"Inception  of  Cavitation  on  Hydro¬ 
foil  Systems",  Oibbs  it  Cox  Tech. 

Rpt.  13531  No.  8,  1952. 

"Experiments  on  a  Series  of 
Symmetrical  Joukowsky  Sections", 
Brit.  ARC  K!  121*1,  1929. 

"Tested  Pressure  Distributions", 
Jahrbuch  B.  Luftfahrtforschung  19l*l 
p.I  101  and  German  Rpt.  ZWB  FB  1621 
(1913). 


CONFIDENTIAL 


CONFIDENTIAL 


CAVITATION 


11. 

Coffee  &  McKann 

♦•Hydrodynamic  Drag  of  12-  and  21- 
Percent  Thick  Struts**,  NACA  Tech. 

Note  3092,  1953. 

12. 

Schrsnk 

"Pressure  Distribution  Along  the 

Chord  of  Wing  Sections  •',  Contrib¬ 
ution  I All  in  Ringbuch  Luftfahrt- 
technik,  German  Ministry  for 
Aeronautics,  1938. 

13. 

Gutsche 

"Characteristics  of  Propeller-Blade 
Sections?  a)  Mitteilungen  pr.  Ve r- 
suchsanstalt  Wasserbau  Schiffbau, 

Heft  10  (Berlin  1933),  b)  Yearbook 
Schif fbautech  Gesellschaft  1936 
p.  277i  1938  p.  125j  and  Vol.  la, 
19U0. 

1U. 

Martyrer 

"Force  Measurements  on  Cylinders  and 
Foils  at  Cavitation",  in  Hydrodyn- 
amische  Problerae  des  Schiff santrisbs , 
HSVA  Hamburg  1932. 

15. 

Holl 

"Investigation  of  Propeller-Blade 
Sections  Having  Reduced  Cavitation 
Tendency",  Forschung  1932  p.  109. 

16. 

Walchner 

"Contribution  to  the  Design  of  Ship 
Propellent  Without  Cavitation11, 

AVA  Monograph,  Reports  &  Trans¬ 
lations  No.  330,  19li7,  British 

Ministry  of  Aircraft  Production. 

17. 

McCullough  &  Gault 

"Boundary  Layer  and  Stalling  of  NACA 
6U006  Airfoil",  lUfiA.Tech.  Mote 

1923  (19U9),  now  Tech.  Rpt.  903* 

18. 

King  it  Land 

"Force  and  Cavitation  Character¬ 
istics  of  Aspect-Ratio-U  Hydrofoils", 
NACA  Confidential  Rpt.  L52J10,  1952. 

19. 

Daily 

"Cavitation  Characteristics  of  a 
Hydrofoil  Section",  Trans.  A3ME  19U9, 
p.  269  (Caltec). 

20. 

Pinkerton 

"Pressure  Distributions  Over  hhl2 
Airfoil  Section",  NACA  Tech.  Rpt. 

-  • 

563,  1936. 

CONFIDENTIAL 


\ 


II  -  12.37 


CONFIDENTIAL 


CAVITATION 


21. 

Joshua  Handy  Corp. 

"Hydrofoil  Studies  and  Design  Data*1 9 
Rpt.  to  ONR*  1950. 

22. 

Balhan 

"Investigation  of  Some  Propeller- 
Blade  Sections  in  Cavitating  Flow"* 
Vageningen  Publication  No.  99*  1931. 

23. 

IinKM 

"Observations  of  Cavitation  on 
Hemispherical  Head  Models",  Calteo 
Hydrodynamics  Laboratory  Teoh.  Rpt. 

8-33.1,  1932. 

sit. 

Bobyieff 

Quoted  in  paragraph  78  of  Leads* a 
Hydrodynamics 

23. 

Fittest  A  Boheier 

"Drag  In  Cavitating  Flow",  J*  Appl. 
Physics,  19l»8,  p.  93k  and  Rev*  Mod. 
Physios,  I9U8,  p.  228. 

26. 

Reinhardt 

"Law  of  Cavitating  Bubbler"*  Berman 
Cot*  ZWB  UM  6628*  Trans.  766  Brit, 
h'in.  Aircraft  Production. 

27. 

Brown 

*  ptlMUK  Slenderness  Ratio  of  Low* 

D:  ac  Body"*  Caltec  Hydrodynamics 
Laboratory  Memo  Rpt.  *$$,  1 9k9* 

28. 

Bissnborg  k  Fond 

"Vf-  bsr  Tunnel  Investigation  of 

Ota  dy-State  Oavitioe",  TK8  Apt. 

No.  568*  :t9it0. 

29. 

Brodetsky 

Proc.  Roy.  Soc.  London  Bor.  A  Bo* 
718,  1923. 

30. 

Bait 

"Infix snoo  of  Cavitation  Upon 

Bffldi  *noy  of  Ship  Propellers"* 
Proceedings  Third  Internet.  Oongr. 
Teoh.  K  *ohanioe,  8t& rich,  aim  1930* 

Vol.  I  .  iOl. 

31. 

Numeo)  1 

"Cavitation  Testa  on  Hydrofoils  la 
Cascade",  Trans  ASS  1953  t>.  1*37. 

3t. 

Tmlin  4,  hrkat 

"Theory  k\  out  Lifting  Foils  at  .loro 
Cavitation  Number1*  TM  (tenftdifttlSl 
Rpt.*  193I». 

oowrroBrm 
n  -  12.30 


CONFIDENTIAL 


APPENDIX  A.  CALCULATION  OP  THE  HPT  AND 
DRAG  CHARACTERISTICS  OF  A 
PROPOSED  50  TON  HTBROFOIL  CRAFT 


1.  General  Considerations 

2«  Characteristics  of  the 
Configuration 

3.  Design  Exawples 


Deelgn  awplea  are  gives  for  the  drag  and  required  foil  settings 
of  a  50  ton  "Canard"  hydrofoil  craft,  at  two  foil -borne  speeds. 
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1.  General  Considerations 

The  hydrodynamic  characteristics  of  the  components  of  a  hydrofoil 
craft,  as  presented  in  this  volume,  are  used  for  the  purpose  of  cal¬ 
culating  the  various  performance  characteristics  of  a  proposed  design. 
Thus,  with  this  information  and  having  a  knowledge  of  the  methods  to 
be  employed,  one  can  calculate  the  total  drag  throughout  the  speed 
range  (including  take-off),  the  turning  circle,  required  foil  and 
rudder  angles,  etc. 

This  volume  presents  only  the  basic  characteristics  of  components, 
and  the  methods  of  utilizing  this  information  is  the  subject  of  other 
volumes.  However,  for  the  purpose  of  illustration,  design  calcula¬ 
tions  are  included  herein.  These  examples  are  for  the  drag  and 
required  foil  settings  of  a  specific  configuration  at  two  foil-borne 
speeds. 
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2.  Characteristics  of  the  Configuration 

The  configuration  chosen  for  these  examples  is  that  of  a  50  ton 
hydrofoil  craft,  and  is  based  on  the  design  study  reported  in 
reference  1.  This  craft  is  a  ’'Canard"  type  with  automatically  con¬ 
trolled,  fully  submerged  foils,  and  with  the  power  transmitted  through 
a  single  nacelle  on  the  main  (rear)  foiij  as  shown  in  Figure  A.l.  The 
dimensions  of  the  foil  system  and  other  pertinent  information  are  given 
in  Figure  A. 2. 

For  the  purpose  of  these  calculations,  the  craft  is  assumed  to  be 
at  zero  trim  and  normal  submergence  under  full  load  condition.  Two 
speedr  (30  knot  cruising  speed  and  knot  maximum  speed)  were  selected. 


Reference  1  -  Confidential  Letter  from  Bath  Iron  Works 

Corp.  (by  Gibbs  &  Cox,  Inc.)  to  ONR,  file 
1.3531/31/3(1-1283)  of  April  3,  1?53  - 
enclosing 

"Design  Study  for  50  Ton  Hydrofoil  Craft" 
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DESIGN  STUDY  MODEL 
OF  50  TON  HYDROFOIL  CRAFT 

FIGURE  A.I 
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3 .  Design  Examples 

The  overall  calculation  is  broken  down  into  individual  design 
examples,  included  on  the  sheets  followings 


Design  Example  -  A1 
A2 
A3 
Ah 
AS 


Induced  Characteristics 
Wake  Effect 
Foil  and  Flap  Settings 
Parasite  Drag 

Summary  of  Drag  and  Foil  Settings 
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DESIGN  EXAMPLE  NO.  A. I 


SH  I  OF  8 


CALCULATE  THE  INDUCED  DRAG  S  LIFT 
CHARACTERISTICS  FOR  THE  50T0N  CANARD 
CONFIGURATION  AT  30  AND  45  KNOTS 


/A/C/P0L  Chrzrc  re  r/s  r/cs  ® 


CP  c/A/vr/ry 

Symbol 

MAIM 

Toil 

P’o  !L  S  PPM 

b 

24.00* 

Aon.  fheep 

■  5 

H  7.82  r 

rpfmpM  cuopp 

c-.s/b 

Z.8t‘ 

F?s  peer  Rf  Tio 

A.bl/s 

8.5o 

T ’ot*h-  Lift 

— 

82  300* 

S>  CIO  'TP SIC  Y  ® 

— 

2,330* 

£?'YMAMIC  lift 

L 

79,910* 

poi  L  L  aFPiNG, 

L/s 

Chorp  fir  Tip 

c* 

1.  S4t* 

C t*o  ftp  4t  CeureR 

Cr 

5.083* 

Tsfrar  Ratio 

ct/cr 

O-BO 

S  i/fl  MBRc^B  MCI  At  Tip 

1.8  8* 

5  ua  Mepqe  ncs  At  Cm  top 

hr 

4.oo' 

A7jF PM  SUBMBRQBMCE 

K 

2.<?4* 

&rST*MCB  OP  OUTBB  Sr  HUTS  OPPt 

Or/2 

fl.oo' 

Sue  mb  RfgMce  Of  Ouren.  Sr  cuts 

Z.S9' 

L  IFT  COBFFICIBMTQ  30  KturP* 

0.46» 

9  45  Knots 

C,  r  L/fS 

0.205 

C>  l  MB  PR  PL  fiuqiM 

r 

10.0* 

A m<$le  Op  Snsep 

A 

20.d*(a*^ 

PtquKes  RJ  rhpM  j  fits*  XerenM't  / 
7br/7i  Buo'fnuc't  Op  Foil  Ststsm  Amo  Nbcsllb 
CP-T  *r  ttr*uc  Feessoee  zseo*/fi  &  So  Knots 

^SlSo  <S>  4S  Kmots 


cpmppp 

potL 

I4-.00* 

23 .04  t 

I.CS  ’ 
8.50 
24,700* 

no* 

Z9.42o* 

rzeoty 

M«7' 

1. 125 1 

O.WF 

M2* 

3.oo' 

2.04* 

4.91' 

1.68' 

0.500 

0-172 

1*0* 

28.0* 
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DESIGN  EXAMPLE  NO. 

A.I  ! 

5H  3  OF  9 

Airfoil  Factors 

MAIN 

CANAR.O 

1.  PI an  for  m 

Foil 

POIL 

Ta.pet  raho t  ci/ct 

o.  So 

o.  55 

From  Figure  1-9, 

r  (As  S) 

0.044 

0.054 

T  (As  to) 

0.072 

0.084 

6 ' 

0.0077 

o.oo3Z 

T  (AtB.Si 

0.044 

0.075 

(f  >  0.5/' 

0.073 

0.027 

2.  I nduceJ  effects  (Eqs  1.34/ 2.36) 

Vita 

0.0374 

0.0374 

K  (from  Shesi  T' 

•  '"fi. 

iiTi 

<t*i/jcL  *  ('+*)*/* a 

O.  0566 

0.0569 

<4CtVifa,J  *  O^/JK/if a 

O.  0549 

0.0541 

3.  Section  flnqle  4  Lifhnq  Surface 

Correction  C&f-  2-34) 

Ve 

1.04 

1.25 

H  (Pijiiit  7.4) 

0.0  56 

0.046 

O.  00  47 

O.  0046 

e  t  i*va* 

1.  02  8 

1. 028 

S/iir 

0.1637 

0.1 637 

0.1844 

0.1471 

4.  Combine/  Effects  for  An qfc 

(it). + 

0.t387 

0.*25!2. 
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DESIGN  EXAMPLE  NO.  A.I 

SH  4  OF  5 

Wave  Effects 

Equ&tion  (2.34-)t  Jeep  Mai  let- 

Main 

Foil 

Canard  Foil 

30  Knots 

45  Knot 

j  30  Knots  I 

45  Knots 

i 

h. 

2,84' 

2.9  4' 

2. 0&' 

2.06' 

\t  (H/sec) 

50. S 

76.0 

5o.  6 

76.0 

Fh  =  v/r3ir 

5.21 

782 

6.22 

q.34 

% 

CU23 

0.123 

0.147 

0. 147 

c/h 

o.q62 

0.7C2 

o.  Sot 

O.80I 

(  €  )  (f-iqare  2.&) 

o.  oi75 

o.oo  So 

0.0125 

0. 00  50 

V  z  Fh'  / 

(Kfe-i)  (Figure  26) 

o.  4-3 

0.43 

0.38 

038 

n 

o.  oo7Z 

0. 0033 

0  0036 

O.oolfl 

Total  Induced  Effects 

-  (i?L)a  fr°,n  sh  3 

O.Z387 

0  2387 

0.2512 

0.25/2 

-fi 

* 

i 

(a£Jw  °-b°,e 

0  0072 

0.0033 

0.0038 

o.ooift 

A-Vj* 

*  nJ 

L 

cbi  Total 

O.Z4  5<? 

0  2420 

O.2550 

0.2530 

-c  * 

«i  Cl 

tw 

2  *•> 
*>■* 

•V  o 
o  r 

J  Cpf-  fr*m  sh.  3 

d(C?) 

0.0543 

0.0543 

— 

0.054/ 

0.0541 

4* 

d  ^Pw  a  boi/e 

0  0072 

o  0033 

0.0038 

O.C013 

J  b 

4  O 

d(CLx) 

>  u 

d  Co  total 

o.o6/f 

0.0576 

O.Of7f 

OOffl 

40  ■  ' 

(1  +UCu) 

1. 026 

1.012 

1  1.028 

1.012 
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DESIGN  EXAMPLE  NO.  A.I 

Jnduced  Drag  i  Foil  Angles 


MAIM  EOIL  CANARD  FOIL 


3o  Knots 

45  Knots 

30  Knots 

45  Knot * 

d*  shoet  4 

dct 

q. 

ii  •  ru 

±cu 

(\4UCi.) 
oc  <r«.4i*ns) 

0.2654 

0-461 

o.  1134 

1.  026 

0-1163 

0.242b 

0.20  S 

0.0446 

1.0  it 

o.o5«2 

0255o 

o.5«* 

0.»27f 

1.02  3 

O.MH 

02530 

0.222 

0-0562 

1.012 

0.0369 

4ip  sheet  4 

dLCc£) 

o.  o  t>  i‘T 

o.of76 

0.0379 

0-0931 

cL* 

0.2  It 

0.  042 

o.73o 

o.o41 

[iCe/4«L*>]  ^ 

o-  0130 

O.  Oo  242 

O.014 5 

o.oo273 

(I  +  UCJ 

I.a26 

1-012 

A02fi 

1-012. 

CD(Ji,<4.l,W'Cl>L 

0.0/33 

0.0024-3 

0-0149 

0-00276 

Total  I hduced  Pea^ 

30  J640T5  D,  =  O.  0133  *  $7.82*2560  *  230<t 

o.  oi49*Z3.o4*256o  *  879 

3, 1 88** 

45  Knots  Dl  =  o.  00245  <67.82 *  575o  *  955 

O.OOZ76  »  Z5.o4i»575o  *  344 

1,321  * 


\ 
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DESIGN  EXAMPLE  NO.  A.2 


SH  I  OF  t 


CALCULATE  THE  WAKE  EFFECT  ON  THE 
MAIN  FOIL  OF  THE  50  TON  CANARD 
CONFIGURATION  AT  30  AND  45  KNOTS 


(Refbr.  To  Chapter  6) 
flSROPyNAMIC  Wakz 

The  "a  era  dynamic "  dewnuash  due  to  the  canard  -Poll 
can  be  approx  mat  ed  -from  equation  (6.4)  and  ftyvro  6,6  . 

The  mam  fail  can  be  considered  to  he  m  Hie  plane  ef 
the  troth  no  Cortex  lines  is  sum  q  -Pnom  the  Canard  -fail. 

Then,  the  dew nw ash  fader  J  can  be  determined 
from  ftfort  6.6  over  -the  span  of  td/if  «  1.7/  (-times  the 
Canard  Span).  Sq  inteqrahnq  over  -the  span,  the  areraqo 
value  of  j  is  found  to  he 

j  *  0.37? 

PowNWAs H  At  The  Maim  Foil 

The  Ftoude  numbers  for  the  Canard  Fa!  are : 

\l/foc  =  C'TiT  <d  3a  Huts 
*  /0.44  at  4S  Hoots 

which  are  sufficiently  hiqh  so  that  the  doom  math 

at  the  mam  fad  tS  determined  from  Fqoation  (Cl)  ; 

f  -  Ek  d  K 

TtA J  * 

u/kere  CLf  At  and  K  are  for  the  Canard  fml  (Seeemmpk  A.i) 

£  s  O.  oojo  radians  at  3e  Knots 
«  o.  o*3/  radians  ad  4S  Knots 

In  ere  mi  Of  Peng  On  Main  Hit 

Pra/O  IJ  hi  a  T  *  Doom* oath  ‘  Q.  s  11 1lO  *  ft  WW’  4»li 

^  €  m  >0.0*91. thfrdfKnot. 
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LIFT  AND  DRAG  CALCULATIONS 


DESIGN  EXAMPLE  NO.  A. 3 

CALCULATE  THE  FOIL  ANGLE  SETTINGS 
AND  FLAP  DEFLECTIONS  FOR  THE  50  TON 
CANARD  CONFIGURATION  AT  30  AND  45  KNOTS 

DE5IGN  CONSIDERATIONS 

The  main  foil  is  fixed  in  configuration  with  25% 
full -span  flaps  on  a  cambered  foil  section.  The 
foil  is  set  so  that  the  flap  deflection  is  zero 
at  45  knots. 

The  canard  foil  has  no  section  camber,  and 
pivots  about  an  axis  thru  its  quarter -chord. 

The  main  foil  setting  is  referred  to  the  section  at 
mid-span,  and  is  thus  the  angle  derived  below,  without 
correction.  The  main  foil  flap  and  the  canard  foil  angles 
are  referred  to  planes  normal  to  their  axes,  and  the 
angles  derived  must  be  corrected  for  sweep  and 
dihedral. 

MAIN  FOIL 

4-5  KNOTS 

The  main  foil  is  set  at  zero  angle  to  the  effective 
fluid  flow  at  45  knots  (the  foil  section  camber  is 
designed  to  account  for  the  lift  at  45  knots). 

The  induced  and  downwosh  angles  are: 

+«jc>-0*uct) 

=  [  0.0566  4-  0.0072.]  *  0.205 *  I.OIZ (from Example  A.l) 

=  0.0 132 

£  =  0.0031  (from  Example  A.2) 

Then,  foil  angle  at  45  knots: 

oL  +  ofw  +  £  “  O.0)6?>  radians  *0.^3° 
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LIFT  AMD  DRAG  CALCULATIONS 


DESIGN  EXAMPLE  NO.  A. 3 


sh  z  or  2 


MAIN  FQlLCCQNT'p) 

Required  foil  ahqle 
Derived  foil  settinq 
Equivalent  <3hqle  due  to 

foil  camber 


-  0.0501  (Example  A.I) 
~  Q.Q1£>3 

*  00339 


NOTE'  The  foil  section  must  be  chosen  to  have 

rrte  iaO 

30  KNOTS  <U o  *  -0.0339  ^70;  0.0355  =2. 0s 

Reqmred  Foil  Anqle  -  01163  (Example  A. l) 

Oownwash  Anqle  +  0.0031  (Example  A 2) 

Equivalent  Setting  at  45  Knots  ~  0  0501 
Required  for  flaps  *  0.0692. 

Flap  effectiveness  (Equation  5.2) 

fez  =  i.iyoir  ’0  55 

Required  flap  angle  equivalent 
o.ob<)L/oS5  =  0.12.57 

Actual  flap  deflection  (a bout  oum  axis) 

/*  0.1257  =  0.1317  radians 

--  7-55° 


Required  foil  dhqlea  01311  (?  30  Knots')  -  . 

0  0569  €>45  Knotsj  x  mP|e 


Required  anqles  about  own  axis 


<k-  0.1311  *  ^^-0.1434  radians*  8.22°  30 Knots 

^*0.0569  —^.--0.0622  radians  *  3.56* @  45  Knots 

COS  29 
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LTFT  Afff)  DRAG  CALCULATIONS 


DESIGN  EXAMPLE  NO.  A.4 


SH  I  OF  4 


CALCULATE  THE  PARASITE  DRAG  OF  THE  50 TON 
CONFIGURATION  AT  30  AND  45  KNOTS 


FOIL  PARASITE  DRAG 
("From  Chapter  4) 


Meavi  C-Uor-d 


MAIN  FOIL  CANARD  FOIL 

30  KNOTS  4-5  KNOTS  30  KNOTS  AS  KN01 

2.83'  2  83'  1.65 '  1.65' 


Reynolds  No  1.12  -  JO7  f.68  xJ07  6.51  *  IOfe  4.76  *  10* 

Cs.  W.  at  59'  F) 

Cf(sU)  on Kti  0.0036  8  0.00350  0.00343  0.00374 

O+IOfVcf]  C/<  *  10  K)  UO  l.l 0  UO  1.10 

D*  iO(*/«f]  0.00010  0.007 70  0.00865  0.00822 

ACl  -0  *0  0.500  0.222 

Cv0<tU)  Etf  f4,3>  0-00610  0.00770  0.01081  0.00863 

P/2  V*S-^S  174,000*  340,000*  54,000*  137,500* 


1,410*  3,000 4 


1, 143 


TOTAL  FOIL  PARASITE  DRAG 


AT  30  KNOTS  2048 
AT  45  KNOTS  4143 
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LIFT  AND  DRAG  CALCULATIONS 


DESIGN  EXAMPLE  NO.  A.4 


STRUT  DRAG 
AREAS 


Item  . 

Length 

chord 

Area 

MoJ 

'fetal  Area 

Main  Foi  1  -  4  Strut 

'  2.58' 

3.08' 

7  95# 

1 

w5W 

“  -  P/s  " 

2.63’ 

308' 

8.(0  $ 

2 

1 6.20  J 

CahaH  Foil  -  4.  ST»-ut 

3  00’ 

2. 12' 

636# 

1 

6.  36 

•:  "  p/s  • 

174’ 

1.75' 

3.04# 

2 

6.00 

DRAG 


30  KNOTS 

4; 

KNOTS 

MAIN 

CANARD 

canard 

MAW 

canard 

CANARD 

p/s  *<L 

t 

Pis 

pfs£  4. 

X 

•fc. 

PlS 

Reynolds  No 

121*  I07 

837*  IOfc 

69!  MO* 

|83*107 

116*  |07 

j.04*iO7 

Cj.  Csld)  t<)(4  l2) 

0.00362 

0  00300 

0  00390 

0.00345 

0.00361 

000370 

Cdo  Cst<n  (4  13) 

000796 

0.00835 

000858 

000760 

000794 

PRay  Area  (Cd0*S)sc}  ft 

0.192 

0053 

0.052 

0183 

0.051 

0-050 

Cd  spray  CAssumeD-figuttll.) 

0.012 

O.OR 

0.011 

0012 

001 2 

oo»z 

t*cCs<,Ft) 

09Z4 

0.211 

0.350 

0.924 

0212 

0350 

Spray  Dray  Area 

0.011 

0003 

0.004 

OOil 

0.003 

0004 

Total  Dray  Area 

0.203 

0.056 

0.056 

0194 

0054 

0054 

Total  Strut  Dray  Area 

0-3)5 

0.301 

//.V1 

Z560 

5150 

TOTAL  STRUT  DRAG 

806* 

1,737* 
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LIFT  AND  DRAG  CALCULATIONS 


DESIGN  EXAMPLE  NO.  A.4 


SH  3  OF  4 


NACELLE  DRAG 
(Chapter  3) 

Nacelle 


2-5"  dia.  x  9-0"  long 
L/i  »'  3.72 

Frontal  Area  =  1T/4(2.4Z)2*  4.60  I 


fei- 

Reynolds  No. 

Cf  (std) 

CQq  (Equation  9.3) 
Drag  Area  [Cdq  *  4.60] 

p/z  V2 

Drag 


30  KNOTS 

3.56  *  I07 
0.00310 
0.0413 
0.190 
2560 
436# 


45  KNOTS 

5.35  x  I07 
0.00302. 
0.0392 
0.100 
5750 
|035# 


AIR  DRAG  (HULL)  | - - 1  "T 

(Chapter  ll)  _ — I  I — j  - - 

Crass-Sectional  Area  of  the  J  ® 

Hull  (  Main  Superstructure:  _ l_ 

5*12x3  +  10x9x0.8  =  211?  }* - - *\ 

From  equation  11.4,  use  a  coefficient  of  0.0015  .{for  a  fair 
bow  and  square  stern). 

Then, 

Air  Drag  Dair  =  0.0015  *  211  *  30*  =  284*  (30  KNOTS) 
=  0.0015  x  211  x  452  =  640*  (45  KNOTS) 


CONFIDENTIAL 
II  -  A. 16 


( 


CONFIDENTIAL 


T  TFT  AND  BRA"  CALCULATIONS 


DESIGN  EXAMPLE  NO.  A.4 


SH  4  OF  4 


SUMMARY  OR  PAR  AS  /7E  ORA  A 

1 - -  1  _TT  ~  -  -  — • 


ITEM 

SOP  ROTS 

45 MOTS 

FO/LS 

2048* 

4143* 

STRUTS 

606* 

/ 737 * 

PA  CELLE 

480  * 

/ 035  * 

AIR  DPP  A 

#• 

284 

640* 

TOTAL  PARASITE  DRAG 

3,624* 

7,555* 
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DESIGN  EXAMPLE  NO.  A.5 


SH  I  OF  I 


SUMMARY  OF  DRAG  AND  FOIL  SETTINGS 
FOR  50  TON  CANARD  CONFIGURATION  AT 
30  AND  45  KNOTS 


fo/l  S£rr/M?s 


wW  fo/L  #a/G££ 

m/tfFOtL  FLAP  DEFUCT/OA 
CARaao  FO/L  AA/qL£* 
ABOUT  OlVA/  AX /S 


30  MOTS 
0-93° 
755° 
8.22 ° 


4SKA/0TS 

0.93° 

3.58° 


DR4i 


ttiDL/CCO  DRAG 

3/88 

/32t 

WAHE  EFFECT 

SS9 

248 

PARAS/TE  DRAG 

3824 

7555 

TOTAL 

7,37 V* 

9,124  J 

x  RAT/O 

/S.2 

12.3 
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